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Introduction 

The  overall  goal  of  our  studies  is  to  better  understand  the  cellular  proteins  and  signaling 
pathways  that  control  neuronal  death  so  that  we  can  identify  new  therapeutic  targets  for  slowing 
or  preventing  neurodegenerative  diseases,  particularly  Parkinson’s  disease.  Our  approach  has 
been  to  study  primary  neurons  in  culture  where  we  attempt  to  create  in  vitro  conditions  that  are 
relevant  to  neurodegenerative  disease.  That  is,  we  create  conditions  that  cause  the  death  of 
neurons  in  culture  in  order  to  identify  the  cellular  proteins  that  mediate  death  and  also  to 
understand  how  neurotrophic  factors  like  GDNF  and  IGF-1  prevent  neuronal  death. 

The  overall  working  hypothesis  of  this  research  proposal  was  that  the  Parkinsonian  neurotoxins, 
MPP+  and  rotenone,  share  a  common  mechanism  of  action  to  induce  death  in  dopaminergic 
neurons.  By  inhibiting  complex  I  of  the  mitochondrial  respiratory  chain,  these  toxins  result  in 
the  production  of  reactive  oxygen  species  (ROS)  that  leads  to  opening  of  the  mitochondrial 
permeability  transition  pore  (mitoPTP)  and  activation  of  a  JNK/c-Jun  signaling  cascade. 
Opening  of  the  mitoPTP  induces  Bax  translocation  to  mitochondria  and  Bax-dependent 
cytochrome  C  release  that  initiates  the  intrinsic  apoptotic  cascade.  Activation  of  the  intrinsic 
death  pathway  is  augmented  by  JNK/c-Jun-dependent  inhibition  of  Bcl-2  pro-survival  signals. 
Neurotrophic  factors,  like  GDNF,  prevent  cell  death  by  regulating  the  activity  the  death 
machinery. 

To  study  primary  differentiated  dopamine  neurons  in  vitro ,  we  cultured  cells  obtained  from 
embryonic  rat  or  mouse  ventral  mesencephalon  (the  location  of  most  dopamine  neurons  in  the 
CNS).  One  major  limitation  of  the  ventral  mesencephalic  cultures  is  that  the  percentage  of 
dopamine  neurons  in  the  cultures  is  very  low  (generally  less  than  3%  of  total  cells).  A  second 
problem  inherent  to  ventral  mesencephalic  cultures  centers  on  the  methods  that  are  currently 
available  to  identify  dopamine  neurons  in  culture.  To  date,  most  investigators  stain  the  ventral 
mesencephalic  cultures  for  tyrosine  hydroxylase  (TH,  the  rate-limiting  enzyme  in  the  dopamine 
biosynthetic  pathway)  to  identify  dopamine  neurons.  The  staining  procedure,  however,  kills  the 
neurons  and  limits  the  types  of  experiments  that  can  be  done  with  the  cultures.  To  circumvent 
paginationthis  issue,  we  used  a  GFP-TH  reporter  construct  to  identify  living  dopamine  neurons 
in  culture.  This  allowed  us  to  study  dopamine  neurons  (GFP-positive  cells)  using  live-cell 
imaging  techniques.  Most  of  the  data  obtained  in  the  first  two  years  of  study  was  obtained  by 
delivering  the  GFP-reporter  construct  using  the  Helios  gene-delivery  system.  This  method  was 
sucessful  for  dopamine  neurons,  however,  the  yield  of  transfected  cells  was  low  (less  than  5%). 
The  low  transfection  efficiency  combined  with  the  low  numbers  of  dopamine  neurons  in  the 
cultures  made  it  extremely  difficult  to  obtain  large  numbers  of  single-cell  measurements  for 
quantitative  analysis.  For  these  reasons,  we  spent  a  lot  of  effort  in  the  next  two  years 
investigating  new  ways  of  transfecting  dopamine  neurons.  Unfortunately,  none  of  the 
transfection  methods  have  yielded  optimal  results.  Despite,  these  technical  difficulties  we 
learned  information  about  the  nature  of  cultured  dopamine  neurons,  the  process  by  which  they 
die,  and  the  limitations  of  using  GDNF  as  a  factor  to  prevent  dopamine  cell  death  in  response  to 
neurotoxins  like  MPP+  and  rotenone. 
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Specific  Aim  1.  To  investigate  the  role  of  the  mitochondrial  (intrinsic)  death  pathway  in 
the  apoptosis  of  primary  dopamine  neurons  induced  by  the  neurotoxins  MPP+  and 
rotenone. 

Throughout  these  studies,  primary  cultures  derived  from  E 15  rat  ventral  mesencephalon  were 
prepared  in  Ca2+/Mg2+-free  Hanks’  balanced  salt  solution  by  mechanically  dispersing  tissue 
pieces  with  a  1  ml  pipet.  Subsequently,  cells  were  centrifuged  at  200x  g  for  4  min  and 
resuspended  in  F12  medium  containing  5%  heat-inactivated  human  placental  serum,  2  mM  L- 
glutamine,  100  ug/ml  streptomycin,  100  U/ml  penicillin  and  (in  some  cases)  2.2  ug/ml  ascorbic 
acid.  Cells  were  seeded  on  polyethylenimine-coated  24-well  plates  in  0.5  ml  of  medium  at  6xl04 
viable  cells/cnr.  Culture  medium  was  changed  every  two  days.  In  the  ventral  mesencephalic 
cultures,  approximately  2-5%  of  the  cells  were  tyrosine  hydroxylase  (TH)-positive  dopaminergic 
neurons. 

To  examine  the  toxicity  of  MPP+  in  cultured  dopamine  neurons,  day  5  cultures  were  treated 
with  MPP+  (time  course  and  dose  response  experiments  were  performed).  After  treatment,  cells 
were  fixed  with  4%  paraformaldehyde  and  then  permeabilized  and  blocked  in  PBS  containing 
0.2%  Triton  X-100  and  5%  bovine  serum  albumin.  Cells  were  then  incubated  overnight  at  4  °C 
with  a  monoclonal  antibody  to  TH  (1:500).  The  primary  antibody  was  aspirated,  and  cells  were 
washed  five  times  with  PBS.  Cells  were  then  incubated  with  a  donkey  anti-mouse  Cy3- 
conjugated  secondary  antibody  (1:500)  and  DAPI  for  2  h  at  room  temperature.  The  cells  were 
then  washed  5  times  with  PBS,  and  coverslips  were  adhered  to  glass  slides  with  mounting 
medium.  Fluorescent  images  were  captured  on  a  Zeiss  Axioplan-2  microscope  equipped  with  a 
Cooke  Sensicam  deep-cooled  CCD  camera.  All  imaging  data  collection  and  analysis  were 
carried  out  using  the  Intelligent  Imaging  Innovations  Slide  book  software  program.  Data  were 
obtained  from  at  least  five  coverslips  from  five  different  cell  preparations.  Results  showed  that 
the  MPP+  treatment  resulted  in  a  time-  and  dose-dependent  loss  of  TH+  neurons  (Fig.  1). 


MPP+  toxicity  in  primary  dopamine  neurons 
is  time-  and  dose-  dependent 
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Our  results  were  in  agreement  with  previously  reported  findings.  A  finding  worth  noting  and 
often  overlooked  was  that  MPP+  killed  the  other  ells  in  the  culture  at  about  a  ten-fold  higher 
concentration  than  that  used  for  dopamine  neurons.  MPP+  is  not  selective  in  killing  dopamine 
neurons  in  vitro  even  though  it  appears  more  selective  in  vivo.  The  same  is  true  for  rotenone. 

To  determine  the  mechanism  of  cell  death  in  response  to  MPP+,  we  assessed  an  early  step  in  the 
intrinsic  apoptotic  cascade,  mitochondrial  membrane  depolarization  (Arpm).  For  these  technically 
difficult  experiments,  dopamine  neurons  were  identified  by  transfecting  the  cultures  with  a  GFP- 
TH  reporter  using  the  Helios  gene-gun.  Typically  48  h  after  transfection,  10  to  50  GFP-positive 
neurons  were  apparent  on  each  coverslip  and  100%  of  these  cells  stained  positively  with  an 
antibody  against  TH,  indicating  that  TH  reporter  activity  was  only  detected  in  dopamine  neurons. 
See  Figure  2  below. 

Fig.  2 


TH  GFP  reporter  (live  cell) 

TH  GFP  reporter  +  DAPI 

Cy3  TH  Antibody  +  DAPI 

Merged 

20pm 

To  measure  mitochondrial  membrane  potential  (Axpm),  cells  were  washed  with  Ringer's  solution 
containing  130  mM  NaCl,  5  mM  KC1, 0.5  mM  MgCl2,  2  mM  CaCl2,  25  mM  HEPES,  5  mM 
glucose,  pH  7.4.  The  cells  were  loaded  with  500  nM  of  tetramethylrhodamine  ethyl  ester 
(TMRE)  for  30  min  at  room  temperature.  TMRE  fluorescence  was  excited  at  545  nm  using 
excitation  light  provided  by  a  HBO  100  W  lamp  in  a  computer-controlled  filter  wheel.  Emitted 
fluorescence  light  was  reflected  through  a  590  nm  long-pass  filter  to  the  camera.  Changes  in 
Axpm  were  monitored  in  single  GFP+  neurons  over  time.  Results  show  that  MPP+  induced  rapid 
mitochondrial  depolarization  and  that  pretreatment  with  GDNF  partially  protected  dopamine 
neurons  from  the  effects  of  MPP+.  These  results  supported  our  working  hypothesis  that  MPP+ 
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kills  dopamine  neurons  by  activating  the  mitochondrial  death  pathway,  a  finding  that  was 
expected  since  MPP+  is  known  to  block  mmitochondrial  complex  I. 


To  determine  if  the  intrinsic  initiator  caspase-9  and  the  executioner  caspase-3  were  activated  in 
primary  dopamine  neurons  following  incubation  with  MPP+.  We  used  antibodies  that 
specifically  recognize  the  active  (cleaved)  forms  of  caspase-9  (rabbit  polyclonal,  rat-specific,  Cell 
Signaling  Technology)  or  caspase-3  (rabbit  polyclonal,  Promega),  and  DAPI  to  distinguish 
normal  vs.  apoptotic  nuclei,  It  appeared  that  many  of  the  dopamine  neurons  undergo  apoptosis 
after  MPP+  treatment.  But  whether  or  not  all  of  the  cells  that  detached  after  24  hr  of  MPP+ 
treatment  died  by  apoptosis  was  less  clear.  We  examined  shorter  periods  of  time  after  MPP+ 
treatment  or  trophic  factor  withdrawal  (an  inducer  of  intrinsic  apoptosis)  to  determine 
morphological  characteristics  of  the  dying  TH  neurons.  It  appeared  that  at  high  concentrations  of 
MPP+  (greater  than  KMOOuM)  or  longer  treatment  periods,  a  lot  of  the  cell  death  was  necrotic. 

To  examine  the  apoptosis  question  in  more  detail,  the  effects  of  a  caspase-3  selective  inhibitor  on 
the  death  of  primary  dopamine  neurons  induced  by  MPP+.  Rat  ventral  mesencephalic  cultures 
were  treated  with  MPP+  or  subjected  to  trophic  factor  withdrawal  in  the  absence  or  presence  of 
the  cell  permeable,  caspase-3  selective  inhibitor,  z-DEVD-FMK  (Calbiochem).  Cultures  were 
fixed  and  stained  with  anti-TH  antibodies  to  identify  dopaminergic  neurons  and  DAPI  to 
distinguish  normal  vs.  apoptotic  nuclei.  Caspase  -3  inhibitors  blocked  cell  death  by  both  MPP+ 
and  trophic  factor  withdrawal,  but  the  inhibition  of  cell  death  was  not  complete.  So  again,  the 
data  raised  the  question  as  to  whether  some  cells  die  by  a  non-caspase  dependent  mechanism. 

We  also  examined  the  effects  of  a  caspase-9  selective  inhibitor  on  cell  death  induced  by  MPP+. 
Rat  ventral  mesencephalic  cultures  were  treated  with  MPP+  or  subjected  to  trophic  factor 
withdrawal  in  the  absence  or  presence  of  the  cell  permeable,  caspase-9  selective  inhibitor,  z- 
LEHD-FMK  (Calbiochem).  Cultures  were  fixed  and  stained  with  anti-TH  antibodies  to  identify 
dopaminergic  neurons  and  DAPI  to  distinguish  normal  vs.  apoptotic  nuclei.  The  caspase  9 
inhibitors  blocked  cell  death  to  a  similar  extent  as  the  caspase  3  inhibitors  indicating  that  most  of 
the  apoptotic  death  was  mediated  by  the  intrinsic  mitochondrial  pathway.  But  again,  the  blockade 
of  cell  death  was  incomplete,  raising  the  possibility  that  other  death  pathways  are  involved. 

We  were  ultimately  interested  in  determining  whether  Bax  translocates  to  mitochondria  of 
dopamine  neurons  after  MPP+  treatment.  Towards  that  goal  we  first  established  a  procedure  for 
measuring  Bax  translocation  in  primary  cultured  granule  neurons  that  are  97%  homogeneous  and 
easier  to  transfect  than  dopamine  neurons.  We  obtained  a  plasmid  encoding  an  amino-terminal 
GFP  fusion  protein  of  human  Baxa  from  Dr.  R.  J.  Youle  (NINDS,  NIH).  Neurons  were 
transfected  with  Bax-GFP  via  particle-mediated  gene  transfer  using  a  Helios  gene  gun  (Biorad). 
At  48  h  post-transfection,  cells  were  either  maintained  in  control  medium  or  switched  to 
apoptotic  medium.  After  a  further  4  h  incubation,  neurons  were  fixed  in  paraformaldehyde  and 
nuclei  were  stained  with  Hoechst  dye.  The  localization  of  GFP  or  GFP-Baxa  and  nuclear 
morphology  were  examined  by  fluorescence  microscopy.  GFP  displayed  a  diffuse  distribution 
over  the  entire  cell  body  in  neurons  cultured  in  either  control  or  apoptotic  medium.  In  contrast, 
the  localization  of  GFP-Baxa  changed  from  a  diffuse  pattern  in  control  medium  to  a  punctate 
distribution  in  neurons  cultured  in  apoptotic  medium.  To  confirm  that  the  punctate  distribution  of 
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GFP-BaXa  corresponded  to  its  translocation  to  mitochondria,  neurons  were  stained  for  the 
integral  mitochondrial  membrane  protein,  cytochrome  c  oxidase  subunit  IV  (COX  IV).  In 
control  medium,  there  was  little  specific  overlap  between  the  localization  of  GFP-Baxa  and  COX 
IV.  While  in  apoptotic  medium,  GFP-Baxa  showed  substantial  co-localization  with  COX  IV. 
Examination  of  the  kinetics  of  GFP-Baxa  translocation  revealed  a  rapid  movement  of  the 
expressed  fusion  protein  to  mitochondria  upon  induction  of  apoptosis.  In  control  medium,  less 
than  30%  of  the  CGNs  expressing  GFP-Baxa  showed  a  mitochondrial  localization  of  the  fusion 
protein.  Within  1  h  of  an  apoptotic  stimulus,  a  significant  increase  in  mitochondrial  GFP-Baxa 
was  detectable.  After  4  h  of  incubation  in  apoptotic  medium,  approximately  70%  of  the 
transfected  neurons  demonstrated  a  mitochondrial  distribution  of  GFP-Baxa.  We  next  analyzed 
the  activation  of  the  endogenous  Bax  protein  by  immunostaining  neurons  with  a  monoclonal 
antibody  that  specifically  recognizes  the  active  Bax  conformation  (clone  6A7).  Neurons 
maintained  in  control  medium  showed  little-to-no  detectable  6A7  staining,  whereas  neurons  in 
apoptotic  medium  showed  active  Bax  immunoreactivity.  Moreover,  the  6A7  staining  often 
coincided  with  condensed  and/or  fragmented  chromatin.  These  experiments  were  published  in 
the  Journal  of  Neuroscience,  24:  9993-10002,  2004.  We  began  similar  studies  in  rat  ventral 
mesencephalic  cultures,  but  the  number  of  dopamine  neurons  that  got  transfected  with  the  Bax- 
GFP  plasmid  was  extremely  low.  So  we  deferred  these  experiments  in  hopes  of  obtaining  better 
transfections  (discussed  below). 

Specific  Aim  2.  To  determine  if  neurotoxins  activate  the  mitochondrial  death  pathway  via  a 
mechanism  that  involves  the  formation  of  reactive  oxygen  and/or  reactive  nitrogen  species. 

Experiments  indicated  that  rotenone-induced  death  of  dopamine  neurons  was  completely 
reversed  by  the  addition  of  n- acetylcysteine  (NAC)  to  the  cultures  at  the  time  of  rotenone 
addition  (see  Fig. 3).  This  supported  out  hypothesis  that  ROS  is  an  activator  of  the  intrinsic 
apoptotic  cascade.  The  effect  of  NAC  is  seen  at  high  doses  of  rotenone  under  conditions  where 
GDNF  is  unable  to  protect  against  death  (explained  in  more  detail  later). 
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Fig.  3.  Primary  cultures  derived  from  E15  rat  ventral  mesencephalon.  On  day  4,  cultures  were  treated  with  or 
without  rotenone  (48hr)  in  the  absence  or  presence  of  NAC.  After  treatment,  cells  were  fixed  with  4% 
paraformaldehyde  and  then  permeabilized  and  blocked  in  PBS  containing  0.2%  Triton  X-100  and  5%  bovine  serum 
albumin.  Cells  were  then  incubated  overnight  at  4  °C  with  monoclonal  mouse  anti-tyrosine  hydroxylase  (TH, 

1:500).  The  primary  antibody  was  aspirated,  and  cells  were  washed  five  times  with  PBS.  Cells  were  then  incubated 
with  the  appropriate  Cy3-conjugated  antibody  (diluted  1:500)  and  DAPI  for  2  h  at  room  temperature.  The  cells  were 
then  washed  5  times  with  PBS,  and  cover  slips  were  adhered  to  glass  slides  with  mounting  medium  (0.1%  p- 
phenylenediamine  in  75%  glycerol  in  PBS).  Fluorescence  measurements  were  obtained  on  Zeiss  Axioplan 
2  microscope  equipped  (63x  objective)  with  a  Cooke  Sensicam  deep-cooled  CCD  camera. 


The  plan  was  to  continue  these  experiments  once  we  had  a  more  efficient  way  of  labeling  live 
dopamine  neurons  so  that  the  generation  of  ROS  induced  by  rotenone  (and  MPP+)  could  be 
measured  in  GFP-positive  dopamine  neurons  using  the  redox- sensitive  dye  CM-H2-DCFA 
(Molecular  Probes)  in  the  absence  and  presence  of  various  inhibitors  to  determine  the 
relationship  between  ROS  and  mitochondrial  mPTP  opening.  Because  we  were  unsuccessful  in 
improving  transfection  techniques  for  dopamine  neurons,  we  never  completed  these  experiments. 

Specific  Aim  3.  To  determine  if  neurotoxin-induced  oxidative  stress  signals  through  stress- 
activated  protein  kinase  pathway  to  activate  mitochondrial  apoptotic  death  in  primary 
neurons. 

We  examined  the  effects  of  two  novel  inhibitors  of  JNK/c-Jun  signaling  on  both  MMP+  and 
rotenone  induced  cell  death  of  dopamine  neurons.  The  first  inhibitor  examined  was  the  cell 
penetrating  JNK  inhibitor  VII  containing  the  TAT-cell  entry  sequence  linked  to  the  JBD20 
sequence  from  JIP1  (Calbiochem).  The  second  inhibitor,  JNK  inhibitor  IX,  was  a 
thienylnaphthamide  compound  that  potently  blocks  the  ATP-binding  site  of  JNK2  and  JNK3 
with  little  activity  against  JNK1,  p38  a  and  a  panel  of  30  other  kinases.  Ventral  mesencephalic 
cultures  were  incubated  with  either  MPP+  or  rotenone  alone  or  in  combination  with  two 
inhibitors  described.  The  results  showed  that  500,  100,  and  50  nM  rotenone,  the  cell-permeable 
inhibitor  of  JNK  (JNK  inh  VII)  has  no  effect  on  dopamine  neuronal  survival  (Fig.4). 


Fig.4 
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These  results  were  surprising  since  similar  concentrations  of  the  JNK  VII  inhibitor  were  shown 
to  offer  neuroprotection  in  vivo  in  a  rat  ischemic  brain  injury  model  and  in  vitro  in  an  NMDA 
excitotoxicity  model.  The  JNK  IX  inhibitor  also  failed  to  block  rotenone-induced  dopamine 
neuronal  cell  loss  at  concentrations  up  to  20uM.  These  results  suggest  that  JNK2  and  JNK3  are 
not  involved  in  mediating  cell  death  at  the  concentrations  of  rotenone  used.  The  results  do  not 
rule  out  the  involvement  of  JNK1.  The  interpretation  of  the  data  are  also  complicated  by  the 
finding  that  rotenone  kills  dopamine  neurons  by  more  than  one  pathway.  It  is  thought  that  low 
concentrations  of  rotenone  kill  by  an  apoptotic  mechanism,  whereas,  high  concentrations  kill  by 
a  necrotic  mechanism.  We  did  additional  experiments  at  10  nM  rotenone  where  there  was  a 
partial  loss  of  dopamine  neurons  and  again  there  was  no  significant  effect  of  the  JNK  inhibitors. 

We  next  examined  the  effects  of  the  JNK  inhibitors  on  MPP+-induced  cell  death.  Results 
indicated  that  at  the  lowest  concentration  of  MPP+  (30uM),  there  was  a  trend  showing  partial 
inhibition  of  cell  death  by  the  JNK  inhibitor  VII.  Repeated  experiments  showed  no  significant 
effect  of  either  JNK  inhibitor  on  dopamine  cell  death. 
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The  only  compound  that  consitently  and  significantly  blocked  dopamine  cell  death  was  N- 
acetylcysteine.  Thee  findings  suggest  that  oxidative  stress  kills  the  neurons  upstream  of  JNK 
activation.  Perhaps  the  mitochondria  is  a  source  of  most  of  the  oxidative  stress  that  kills  the 
cells.  This  goes  against  our  hypothesis  that  oxidative  stress  activates  JNK  and  they  in  turn 
activate  the  mitochondrial  apoptotic  pathway.  More  experiments  need  to  be  carried  out  to 
determine  if  JNK  is  indeed  activated  in  dopamine  neurons  in  response  to  low  concentrations  of 
MPP+  and  rotenone  and  whether  the  activation  is  blocked  by  N-acetylcysteine. 
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Specific  Aim  4.  To  evaluate  the  effects  of  glial  cell  line-derived  neurotrophic  factor 
(GDNF)  on  neurotoxin-induced  generation  of  reactive  oxygen  and  nitrogen  species, 
activation  of  JNK/c-Jun,  and  mitochondrial  death  signaling. 

During  the  first  two  years  of  the  project,  we  investigated  the  effects  of  GDNF  on  the  loss  of 
mitochondrial  membrane  potential  triggered  by  MPP+  in  primary  dopamine  neurons.  Ventral 
mesencephalic  cultures  from  E15  rats  were  transfected  with  a  TH  promoter-driven  GFP  construct 
using  a  helium-powered  gene-gun.  After  transfection,  cultures  were  exposed  to  MPP+  alone  or 
following  pre-incubation  with  GDNF.  Live  dopamine  neurons  were  identified  by  GFP 
fluorescence  and  mitochondrial  membrane  potential  was  measured  continuously  using  TMRE. 
Incubation  with  MPP+  induced  a  rapid  (within  3  hr)  collapse  of  mitochondrial  membrane 
potential  which  was  prevented  by  pretreatment  with  GDNF.  The  effects  of  GDNF  were  partially 
antagonized  by  the  ERK  pathway  inhibitor,  PD98059.  Inhibitors  of  oxidative  stress 
(glutathione),  the  classical  mitoPTP  inhibitor  (cyclosporin  A),  or  a  Ca2+-triggered  permeability 
transition  inhibitor  (2- APB),  were  each  less  effective  than  GDNF  at  blocking  mitochondrial 
depolarization  induced  by  MPP+.  Collectively,  these  data  suggest  that  GDNF  inhibits  multiple 
pathways  that  induce  mitochondrial  depolarization  in  dopaminergic  neurons.  GDNF  blocks  both 
the  classical,  cyclosporin  A-sensitive  permeability  transition  pore  and  a  Ca2+-  triggered 
permeability  transition  activated  by  complex  I  inhibition.  Moreover,  GDNF  partially  inhibits  a 
redox- sensitive,  but  cyclosporin  A/2- APB -insensitive,  pathway  that  is  regulated  by  Bcl-2.  These 
results  are  the  first  to  show  that  GDNF  acts  at  the  level  of  mitochondrial  depolarization  to  protect 
dopamine  neurons  from  MPP+-induced  toxicity. 

The  protection  by  GDNF  required  pretreatment  of  the  neurons  (8  hr)  prior  to  addition  of  MPP+. 
We  hypothesized  that  GDNF  counteracts  the  changes  in  expression  of  pro-  and  anti-apoptotic 
Bcl-2  family  members  induced  in  dopamine  neurons  by  exposure  to  MPP+.  Although,  not 
proposed  in  the  original  grant,  we  ultimately  wanted  to  use  Affymetrix  analysis  to  measure 
changes  in  the  gene  expression  of  primary  dopaminergic  neurons  exposed  to  MPP+  in  the  absence 
or  presence  of  GDNF.  Towards  this  goal,  we  spent  considerable  effort  developing  laser  capture 
microdissection  methods  for  isolating  dopamine  neurons  from  ventral  mesencephalic  cultutres. 

We  developed  an  ultra-rapid  TH+  staining  procedure  that  allows  for  the  identification  of 
dopamine  neurons  within  20  minutes  (see  Fig. 7).  Left  upper  panel  shows  differential  staining  for 
TH  with  immunoreactive  dopamine  neurons  indicated  by  the  arrows.  Following  TH  staining, 
dopamine  neurons  are  captured  by  LCM  using  an  Arcturus  AutoPix  ™  LCM  instrument  indicated 
by  the  loss  of  cell  bodies  in  upper  right  panel  and  lower  left  panel  (white  arrows).  The  captured 
dopamine  neurons  are  shown  on  the  surface  of  the  harvest  cap  (lower  tight  panel).  RNA  was 
isolated  from  the  captured  cells  using  the  RiboAMP  RNA  amplification  kit  provided  by  Arcturus. 
The  quality  and  quantity  of  RNA  was  analyzed  with  the  NanoDrop  ND-1000  instrument  available 
at  the  UCHSC  microarray  core.  We  were  able  to  capture  approximately  100  dopamine  neurons 
within  1  hr  .  We  performed  PCR  analysis  of  tyrosine  hydroxylase  in  isolated  dopamine  neurons 
and  non-dopamine  neurons  and  the  procedure  was  successful  with  the  capture  of  100  dopamine 
neurons.  The  costs  to  use  the  laser  capture  instrument  prevented  us  from  optimizing  the 
technique  and  moving  forward  to  Affymetrix  analysis. 
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During  the  course  of  GDNF  experiments,  we  determined  that  GDNF  exerts  two  actions  in 
ventral  mesencephalic  cultures.  The  first  effect  is  a  trophic  or  survival  effect  on  dopamine 
neurons.  When  GDNF  is  added  to  the  cultures  at  the  time  of  plating  (even  in  the  presence  of 
serum),  approximately  50  %  more  dopamine  neurons  survive  in  culture  (see  Fig. 8).  This  effect 
is  selective  to  dopamine  neurons.  The  second  effect  of  GDNF  is  to  protect  dopamine  neurons 
from  neurotoxin  exposure. 
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Fig.  8  Primary  cultures  derived  as  described  in  Figure  1  except  GDNF  (200ng/ml)  was  added  to  the  culture  medium 
in  on  experimental  group  (column  1).  On  day  4,  cultures  not  subjected  to  GDNF  were  treated  with  or  without  MPP+ 
(48hr)  in  the  absence  or  presence  of  GDNF.  After  treatment,  cells  were  fixed  and  stained  with  monoclonal  mouse 
anti-tyrosine  hydroxylase  as  described  in  Figure  1.  Fluorescence  measurements  were  obtained  on  Zeiss  Axioplan 
2  microscope  equipped  (63x  fluorite  objective)  with  a  Cooke  Sensicam  deep-cooled  CCD  camera. 


The  neuroprotective  effects  of  GDNF  on  neurotoxin  exposure  were  quite  variable  and  were 
dependent  on  the  dose  of  neurotoxin  used.  As  mentioned  previously  this  is  related  to  the  type  of 
cell  death  that  occurs  after  rotenone  and  MPP+  exposure.  At  low  doses  of  both  toxins,  death 
occurs  largely  by  an  apoptotic  mechanism  dependent  on  the  presence  of  ATP.  Once  ATP  is 
depleted  as  a  result  of  inhibition  of  complex  I,  the  neurons  die  by  a  non-apoptotic  mechanism 
that  is  insensitive  to  GDNF. 

Even  at  low  doses  of  MPP+,  the  protection  by  GDNF  (200  ng/ml)  is  never  complete.  During  the 
course  of  these  experiments,  the  PI  read  a  report  that  the  neurotrophic  actions  of  GDNF  require 
TGF-beta.  Experiments  were  carried  out  to  determine  if  pretreatment  or  addition  of  TGF-beta 
with  GDNF  would  enhance  the  neuroprotective  effects  of  GDNF  following  MPP+  or  rotenone 
exposure.  The  results  were  conclusively  negative.  TGF-beta  had  no  effect  on  the  ability  of 
GDNF  to  protect  against  MPP+  or  rotenone  in  ventral  mesencephalic  cultures. 


Efforts  to  increase  the  delivery  of  the  TH  reporter  construct  and  other  genes  into  primary 
dopamine  neurons. 

I.  Amaxa  Nucleofector  Technology  using  rat  ventral  mesencephalic  neurons. 

Many  laboratories,  including  the  Pi’s,  have  had  success  using  Nucleofector  technology  for  gene- 
transfer  in  primary  cells  and  hard-to-transfect  cell  lines.  The  technology  involves  modified 
electroporation  parameters  and  specific  solutions  that  permit  gene  transfer  into  the  nucleus.  We 
have  been  successful  in  optimizing  conditions  that  result  in  60-70%  transfection  efficiency  of 
primary  cerebellar  granule  neurons.  Conditions  that  proved  successful  for  granule  neurons  were 
found  to  be  toxic  for  dopamine  neurons  in  ventral  mesencephalic  cultures.  We  tried  different 
settings  (Amaxa  programs  G13  and  0-03)  and  different  cell  densities  and  had  no  success  with 
dopamine  neurons.  Fast  year,  Amaxa  representatives  introduced  us  to  a  new  96-well  shuttle 
system  that  has  many  more  electrical  programs  available  to  the  user  and  a  modified  cuvette  that 
apparently  results  in  less  cell  toxicity.  With  the  assistance  of  Amaxa  technicians,  we  spent  2 
months  investigating  parameters  (DNA  quality,  cell  density,  different  proprietary  solutions,  and 
multiple  electrical  programs)  that  would  result  in  efficient  transfection  of  primary  dopamine 
neurons.  These  were  labor-intensive  experiments  since  they  required  2-4  million  cells  per 
reaction.  We  found  that  all  of  the  optimized  programs  used  for  other  cell  types,  including  other 
types  of  primary  neurons,  lead  to  the  death  of  dopamine  neurons,  assessed  by  TH  staining.  A 
few  conditions  that  resulted  in  transfection  of  non-dopamine  cells  and  low  toxicity  to  dopamine 
neurons,  resulted  in  no  transfection  of  dopamine  neurons.  At  2-4  million  cells  per  reaction,  we 
decided  to  abort  these  experiments,  although  the  Amaxa  technicians  were  confident  that  the 
nucleofector  technology  would  eventually  be  successful  for  dopamine  neurons. 
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II.  Exploration  and  development  of  viral  vectors  for  gene  delivery  to  dopamine  neurons. 


Upon  hiring  a  new  molecular  biologist  halfway  through  the  project  and  the  establishment  of  a 
viral  core  in  the  Neuroscience  program,  we  focused  on  the  use  of  viral  vectors  to  establish  a 
more  efficient  and  reliable  method  for  the  identification  of  live  dopamine  neurons  in  primary 
culture.  We  developed  a  new  strategy  based  on  lentiviral  transformation  of  rat  mesencephalic 
cells  using  vectors  containing  a  TH  reporter  driving  the  expression  of  GFP. 

A  lentiviral  expression  system  was  chosen  over  adenoviral  and  adeno- associated  virus  (AAV) 
expression  vectors  to  deliver  the  GFP-TH  reporter  construct  into  primary  dopamine  neurons 
because  lentiviral  transduction  resulted  in  the  lowest  amount  of  cellular  toxicity  and  the  highest 
amount  of  expression  of  GFP  in  preliminary  studies  (see  Fig.  9).  Adenoviral  GFP  expression 
vectors  were  very  toxic  to  dopamine  neurons,  although  we  use  them  for  other  primary  neurons  in 
the  lab.  AAV  transduction  was  not  toxic  to  dopamine  neurons,  but  transduction  efficiency  was 
less  than  with  lentivirus  and  AAV  is  more  limited  by  insert  capacity  (less  than  4.5  kb).  The 
major  challenging  factor  in  making  a  lentiviral  GFP-TH  expression  vector  relates  to  the  fact  that 
lentiviral  vectors  can  only  incorporate  DNA  fragments  less  than  8  kb  and  the  established  9  kb  rat 
promoter  coupled  to  GFP  (Patankar  et  al.,  1997)  is  consequently  too  large. 


Figure  9.  Lentiviral  transduction  of  dopamine  neurons.  E15  rat  ventral  mesencephalic  cultures  (3  days  in 
culture)  were  infected  with  a  lentivirus  -GFP  at  a  MOI  of  approximately  50.  Seventy  two  hours  later,  the  cultures 
were  fixed  and  immunostained  with  a  primary  antibody  against  TH  (rabbit  polyclonal  from  Pel-Freeze)  followed  by 
a  secondary  goat  anti-rabbit  antibody  conjugated  to  Alexa  Fluor555  and  DAPI.  Left  panels  display  TH  staining  and 
GFP  expression,  middle  panels  display  GFP  alone,  and  right  panels  display  DAPI  alone.  Dopamine  neurons  (shown 
in  red)  were  GFP  positive. 
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Preliminary  experiments  showed  that  a  9kb  (8660  bp)  but  not  a  5kb  (5280  bp)  TH  promoter 
generates  GFP  expression  in  primary  dopamine  neurons.  We  hypothesized  that  generation  of 
fragments  of  intermediate  length  will  successfully  work  as  TH  reporter  constructs  in  lentiviral 
vectors.  Our  hypothesis  was  supported  by  the  fact  that  a  putative  binding  site  for  a  transcription 
factor  of  the  Pitx  family,  expressed  in  the  midbrain  at  ED  10.5,  is  found  at  the  position  -  6840 
(Sclafani  et  al.,  2006).  To  optimize  our  chances  of  obtaining  a  useful  lentiviral  vector  that  will 
deliver  an  efficient  TH-GFP  reporter  construct,  we  designed  a  pool  of  sequences  of  intermediate 
sizes  ranging  from  6.9  to  8  kb.  The  cloning  strategy  that  was  used  to  obtain  these  mutant  clones 
is  shown  on  the  figure  below. 


The  starting  vector  p9.0THEGFP,  containing  the  GFP  coding  sequence  downstream  of  the  9.0  kb 
rat  TH  promoter  served  as  the  template  for  several  PCR  amplifications,  in  which  the  primers 
located  in  the  distal  part  of  the  promoter  contained  at  their  5'  extremity  an  additional  Hindlll 
restriction  site.  This  allowed  the  use  of  the  Hindlll  and  Spel  unique  restriction  sites  to  re-insert 
the  amplified  fragments  in  the  p9.0THEGFP  plasmid  cut  beforehand  with  the  same  enzymes  and 
gel  purified.  This  procedure  resulted  in  the  construction  of  3  new  pEGFP  plasmids  carrying  TH 
promoters  of  6.8,  7.3  and  7.8  kb.  After  complete  sequencing  of  the  new  constructs,  The  ability 
of  the  newly  obtained  constructs  to  drive  the  expression  of  GFP  was  tested  in  PC  12  cells 
transformed  using  the  Effectene  Transfection  Reagent  (Qiagen).  All  three  shortened  promoters 
lead  to  the  expression  of  GFP  at  a  rate  comparable  to  the  full  length  promoter. 

The  next  stage  involved  cutting  the  promoter-GFP  fusions  obtained  using  the  Hindlll  and  Not] 
restriction  sites,  in  order  to  isolate  the  genetic  material  to  be  transferred  to  the  lentiviral 
expression  plasmid.  This  pCDHl  plasmid  was  cut  using  the  Notl  and  Clal  restriction  sites,  in 
order  to  remove  the  constitutive  CMV  promoter.  Since  the  Hindlll  and  Clal  restriction  sites  are 
not  compatible,  we  needed  to  blunt  the  single  strand  extremities  of  the  purified  fragments,  using 
the  T4  DNA  polymerase.  Finally,  after  a  dephosphorylation  step  carried  out  to  avoid  the 
recircularization  of  the  pCDHl  vector  without  insert,  the  promoter-GFP  fusions  and  the  lentiviral 
expression  plasmid  deprived  of  the  CMV  promoter  were  subjected  to  ligation.  Unfortunately, 
the  blunt  ligations  never  worked. 

We  redesigned  the  cloning  strategy  by  inserting  an  adapter  in  the  lentiviral  expression  plasmid, 
which  allowed  the  use  of  cohesive  restriction  sites.  This  approach  was  successful  and  yielded 
three  new  lentiviral  plasmids. 

As  shown  in  the  next  schematic,  the  next  step  of  the  project  consisted  of  packaging  the  newly 
obtained  expression  constructs  into  pseudo  viral  particles. 
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In  order  to  obtain  the  three  lentiviruses  containing  the  TH  promoters  of  intermediate  size,  we 
used  the  pPACKHl  Lentivector  Packaging  Kit  from  System  Biosciences.  Briefly,  293TN  cells 
(a  human  kidney  cell  line)  were  co-transformed  with  our  different  expression  constructs  and  the 
pPACKHl -GAG,  pPACKHl -REV,  and  pVSV-G  packaging  plasmids.  Following  the  co¬ 
transformation,  the  pseudo-viral  particles  obtained  were  collected,  purified  and  titrated. 

The  final  step  consisted  in  testing  our  lentiviruses  carrying  the  TH  reporter  constructs.  We 
infected  primary  mesencephalic  cultures  using  different  amounts  of  viral  particules.  It  appeared 
that  only  1  to  5  out  of  the  250  TH  positive  neurons  were  expressing  GFP,  representing  a  0.4  to  2 
%  transfection  rat 


DAPI  TH+  GFP-TH  MERGE 
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In  order  to  enhance  the  sensitivity  of  our  detection  method,  we  immunostained  the  transfected 
cells  with  an  anti-GFP  antibody,  but  again,  without  significant  results.  We  hypothesized  that  the 
low  expression  level  of  the  TH  promoter  conjugated  with  the  low  copy  number  provided  by 
lentiviral  transfection  does  not  allow  the  synthesis  of  a  detectable  level  of  GFP  protein. 


Key  Research  Accomplishments 

The  key  research  accomplishments  were  to  establish  the  primary  ventral  mesencephalic  cultures 
and  develop  live-cell  imaging  techniques  to  explore  death  pathways  in  dopamine  neurons.  These 
experiments  were  technically  difficult  since  such  a  small  percentage  of  the  cells  are 
dopaminergic  neurons.  We  were  able  to  identify  living  dopamine  neurons  by  transfecting  a 
GFP-TH  reporter  construct  using  gene-gun  delivery.  This  allowed  us  to  measure  mitochondrial 
depolarization  using  fluorescence  microscopy  in  real  time.  The  experiments  suggested  that 
MPP+  leads  to  a  loss  in  mitochondrial  membrane  potential  by  activating  several  channels  in  the 
outer  mitochondrial  membrane  that  lead  to  the  release  of  apoptogenic  factors  that  cause  cell 
death.  A  novel  finding  of  our  studies  was  that  GDNF  blocks  activation  of  several  of  these 
channels,  thereby,  blocking  dopamine  neuron  death  at  a  very  early  step  in  the  intrinsic  apoptotic 
cascade.  We  also  developed  laser  capture  methods  to  isolate  dopamine  neurons  from  rat  ventral 
mesencephalic  neurons  so  that  we  can  eventually  identify  gene  targets  of  GDNF.  We  established 
a  method  for  measuring  Bax  translocation  in  primary  neurons,  hoping  eventually  to  adapt  the 
procedure  to  dopamine  neurons  after  transfection  issues  were  resolved.  The  study  showed  that 
GSK-3beta,  a  potent  pro-apoptotic  serine  threonine  protein  kinase,  phosphorlates  Bax  and  drives 
it  to  the  mitochondria  during  neuronal  apoptosis. 

In  2005, 1  had  unforeseen  circumstances  involving  the  departure  of  three  individuals  that 
worked  on  the  DOD  project.  Dr.  Chunhe  Chen,  the  postdoctoral  fellow  who  performed  the 
embryonic  rat  mesencephalic  cell  cultures  and  most  of  the  live  cell  imaging,  resigned  in  May 
2005  to  care  for  her  16-year  old  son  who  was  in  a  near  fatal  car  accident,  paralyzed  from  the 
neck  down.  Dr.  Daniel  Linseman,  who  trained  in  my  lab  and  acted  as  co-investigator  on  this 
grant,  left  my  laboratory  to  establish  his  own  research  program  at  the  VA  Eastern  Colorado 
Health  Care  System  end  of  Dec  2005.  Ron  Bouchard,  our  microscopy  technician,  also  left  my 
lab  in  June  of  2005.  I  hired  a  technician  (Jacqui  Kulbe)  after  Dr.  Chen’s  departure  who  was 
subsequently  trained  in  primary  culture  of  dopamine  neurons,  immunocytochemical  detection  of 
dopamine  neurons,  and  some  imaging  techniques.  Unfortunately,  she  left  after  several  months  to 
apply  for  graduate  schools.  Since  progress  was  greatly  slowed  in  2005  and  I  asked  for  a  no-cost 
extension  to  make  up  for  time  lost.  I  hired  a  new  technician  (Janna  Mize-Berge)  who  mastered 
the  primary  cultures  and  worked  on  several  aspects  of  the  proposal  until  its  end.  A  new  postdoc 
started  in  Febuary  07  (Dr.  Vince  Zaegel).  Dr.  Zaegel,  a  well  trained  molecular  biologist,  worked 
on  lenti- virus  expression  systems  for  dopamine  neurons  and  other  transfection  approached  like 
the  Amaxa  nucleofector  technology.  Much  to  our  disappointment,  neither  method  proved 
satisfactory  for  delivering  the  TH  reporter  construct  into  dopamine  neurons.  This  limited  the 
type  of  experiments  that  could  be  carried  out. 
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Conclusions 

Despite  the  technical  difficulties  centered  around  gene  transfer  to  dopamine  neurons  and  the  loss 
of  research  personnel,  we  gained  information  about  the  complexity  of  dopamine  neuron  death  in 
response  to  MPP+  and  rotenone.  There  appear  to  be  multiple  pathways  involved  in  cell  death 
induced  by  rotenone  and  MPP+.  At  low  doses  of  both  neurotoxins,  part  of  the  cell  death  was 
apoptotic,  inhibited  by  caspase  inhibitors  and  growth  factors,  including  GDNF  and  IGF-I.  At 
higher  doses  of  neurotoxin,  these  factors  had  little  effect,  but  N-acetylcysteine  protected 
suggesting  that  oxidative  stress  kills  the  neurons  by  a  non-apoptotic  mechanism  under  these 
conditions.  These  findings  support  the  notion  that  multiple  pathways  need  to  be  targeted  to 
prevent  cell  death  induced  by  neurotoxins.  Although  the  lentivirus  did  not  work  well  in 
dopamine  neurons,  the  learned  skills  will  enable  us  to  apply  this  techniques  to  other  types  of 
neurons.  We  also  have  a  better  understanding  of  the  critical  factors  required  for  viral  expression 
in  neurons.  The  success  with  laser  capture  techniques  opens  a  door  for  numerous  experiments 
that  rely  on  separating  dopamine  neurons  from  other  cell  types  in  the  cultures. 
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Abstract 

Myocyte  enhancer  factor-2  (MEF2)  transcription  factors  regulate  genes  that  control  critical  cel¬ 
lular  processes  including  proliferation,  differentiation,  and  survival.  Although  MEF2  proteins 
were  first  identified  as  transcription  factors  that  bound  A/T  rich  DNA  sequences  and  controlled 
muscle-specific  genes  during  myogenic  development,  it  is  now  apparent  that  MEF2  transcription 
factors  are  also  highly  expressed  in  neurons  and  are  critical  determinants  of  neuronal  differentia¬ 
tion  and  fate.  Here  we  focus  our  discussion  on  the  role  of  MEF2  proteins  in  nervous  tissue  and  the 
regulation  of  these  transcription  factors  by  calcium  and  phosphorylation  signaling  pathways. 

Index  Entries:  Neuron;  apoptosis;  brain;  MADS-box;  protein  kinases;  calcium  signaling; 
muscle;  development. 


MEF2  Family  of  Transcription  Factors 

The  MEF2  proteins  are  members  of  the 
MADS  (MCMl-agamous-deficiens-serum  res¬ 
ponse  factor)  family  of  transcription  factors 
(1,2).  A  hallmark  of  MADS-box  proteins  is  their 
combinational  association  with  other  MADS 
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domain  factors  and  additional  heterologous 
classes  of  transcriptional  regulators  (3).  Verte¬ 
brate  MEF2  proteins  are  encoded  by  4  genes 
(MEF2-A,  -B,  -C,  and  -D),  each  of  which  gives 
rise  to  alternatively  spliced  transcripts  (1,4-7). 
The  MEF2  isoforms  are  expressed  in  distinct, 
but  overlapping  patterns  during  embryogene- 
sis  and  in  adult  tissues.  Posttranslational  regu¬ 
lation  is  largely  responsible  for  the  functional 
pattern  of  expression  of  the  MEF2  proteins  (1). 

MEF2  transcription  factors  contain  a  N-ter- 
minal  56  amino  acid  MADS-box  domain  that 
serves  as  a  minimal  DNA-binding  domain 
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Fig.  1.  Structural  schematic  of  a  MEF2  transcription  factor.  MEF2  proteins  contain  a  highly  conserved  N-ter- 
minal  MADS  box  and  MEF2  domain.  These  elements  are  involved  in  DNA  binding,  dimerization  with  other 
MEF2  proteins  and  basic  helix-loop-helix  (bHLH)  transcription  factors,  and  interaction  with  various  coactivators 
and  repressors.  The  C-terminal  region  of  MEF2  contains  the  transcriptional  activation  domains  (TADs)  as  well  as 
a  nuclear  localization  sequence  (NLS).  MEF2  proteins  are  substrates  for  many  protein  kinases  that  regulate  both 
DNA  binding  and  transcriptional  activity.  For  example,  a  conserved  casein  kinase  II  (CKII)  site  lies  within  the 
MEF2  domain  and  its  phosphorylation  enhances  DNA  binding.  Multiple  residues  within  the  C-terminus  are  sub¬ 
strates  for  MAP  kinase  family  members,  p38  and/or  ERK5,  and  phosphorylation  of  these  sites  generally  enhances 
transcriptional  activation.  In  contrast,  phosphorylation  at  the  extreme  C-terminus  by  Cdk5  or  at  Ser255,  by  an  as 
yet  unidentified  kinase,  leads  to  inhibition  of  transcriptional  activity  and  degradation,  respectively. 


(see  Fig.  1).  The  MADS  box  is  a  highly  con¬ 
served  structural  motif  involved  in  the  regu¬ 
lation  of  homeotic  fate,  growth,  and 
differentiation  in  many  organisms  (1,8-10). 
Adjacent  to  the  MADS  box  is  a  29  amino  acid 
MEF2  domain  that  mediates  high-affinity 
DNA  binding  and  homo-  and  heterodimeriza¬ 
tion  with  other  MEF2  proteins.  The  vertebrate 
MEF2  proteins  share  about  50%  amino  acid 
identity  overall  and  about  95%  similarity  in 
the  highly  conserved  MADS  box  and  MEF2 
domain  (11).  MADS  box  proteins  generally 
bind  A/T  rich  DNA  sequences,  whereas 
MEF2  binds  preferentially  to  the  consensus 
sequence  CTA(A/T)4  TAG/A  (11).  The  MADS 
box  and  MEF2  domain  are  necessary  and  suf¬ 
ficient  for  DNA  binding  but  lack  transcrip¬ 
tional  activity  on  their  own.  The  C-terminal 
half  of  MEF2  proteins  contains  the  transcrip¬ 
tional  activation  domain,  as  well  as,  a  number 


of  regulatory  domains  including  a  nuclear 
localization  sequence  and  multiple  phospho¬ 
rylation  motifs  (12).  There  is  relatively  low 
amino  acid  homology  between  the  C-terminal 
regions  of  the  various  MEF2  isoforms  and  the 
C-terminus  is  subject  to  complex  patterns  of 
alternative  splicing  (11).  The  structural  orga¬ 
nization  of  MEF2  proteins  allows  them  to 
receive  and  respond  to  multiple  inputs  from 
various  intracellular  signaling  pathways.  In 
this  way,  MEF2  activity  is  profoundly  influ¬ 
enced  by  developmental  cues  and  signals 
from  the  extracellular  environment. 

MEF2  Transcription  Factors 
in  Muscle  and  Immune  Cells 

The  MEF2  family  of  genes  is  highly  expressed 
in  cells  of  muscle  lineage,  where  they  have  been 
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shown  to  be  important  regulators  of  gene 
expression  during  development  of  skeletal,  car¬ 
diac,  and  smooth  muscle  (6,7,13).  In  these  tis¬ 
sues,  MEF2  proteins  interact  with  myogenic 
basic  helix-loop-helix  (bHLH)  transcription  fac¬ 
tors  such  as  Myo  D  to  activate  myogenesis 
(14—16).  MEF2  factors  are  thought  to  activate 
transcription  by  binding  to  individual  E-box 
or  MEF2  consensus  sites  or  via  adjacent  E- 
box/MEF2  elements.  During  myogenesis, 
MEF2  transcription  factors  activate  the  expres¬ 
sion  of  structural  genes,  as  well  as  maintain  and 
amplify  the  expression  of  other  transcription 
factors  that  initiate  muscle  differentiation  (17). 
Loss-of-function  mutations  of  the  mouse 
MEF2C  (18)  and  the  Drosophila  MEF2  gene 
(19,20)  have  demonstrated  an  essential  role  of 
MEF2  proteins  in  myogenesis  and  morphogene¬ 
sis  of  striated  and  nonstriated  muscle  cell  types. 
In  addition  to  their  critical  role  in  muscle  devel¬ 
opment,  MEF2  proteins  are  involved  in  adult 
cardiac  hypertrophy  (21-23). 

MEF2  proteins  are  also  present  in  cells  of  the 
immune  system  where  they  mediate  cell  fate 
decisions.  T-cell  activation  leads  to  MEF2- 
mediated  transcriptional  activation  of  Nur77, 
an  orphan  nuclear  steroid  receptor  that  acti¬ 
vates  apoptosis  in  these  cells  (24).  MEF2  binds 
directly  to  regulatory  elements  in  the  Nur77 
gene  and  also  cooperates  with  NFAT  to  drive 
Nur77  expression  (25).  The  increase  in  MEF2 
transcriptional  activity  on  the  Nur77  regula¬ 
tory  element  occurs  in  the  absence  of  changes 
in  DNA  binding,  implicating  other  regulatory 
mechanisms  such  as  cofactor  binding  and/or 
changes  in  phosphorylation  of  the  transactiva¬ 
tion  domain. 


MEF2  Transcription  Factors  in  Brain 

MEF2  family  members  are  also  highly 
expressed  in  neurons  of  the  central  nervous  sys¬ 
tem  (5,6,26-29).  In  vertebrates,  each  MEF2  iso¬ 
form  shows  a  unique  temporal  expression 
pattern  in  different  regions  of  the  brain.  The  tim¬ 
ing  of  MEF2  expression  in  neurons  is  consistent 
with  a  role  of  MEF2  transcription  factors  in  neu¬ 


ronal  differentiation  and  maintenance.  In  human 
brain,  MEF2C  is  preferentially  expressed  in  cer¬ 
tain  neuronal  layers  of  the  postnatal  cerebral  cor¬ 
tex  in  a  temporal  manner  declining  from 
postnatal  d  2  to  adult  (5,6).  These  immunocyto- 
chemical  data  suggest  that  MEF2C  regulates  the 
laminar  differentiation  of  central  neurons.  Of 
note,  is  the  absence  of  MEF2C  in  dividing  neu¬ 
rons  in  the  subventricular  zones  (6).  An  alterna¬ 
tive  splice  variant  of  MEF2C  is  found 
exclusively  in  the  brain  and  contains  a  unique 
SEDVDLLL  peptide  sequence  in  the  transactiva¬ 
tion  domain  that  may  serve  to  mediate  tissue- 
specific  protein-protein  interactions  (26). 

In  the  mouse  brain  where  more  extensive 
regions  have  been  examined  by  in  situ 
hybridization,  the  timing  of  MEF2  gene  expres¬ 
sion  is  also  associated  with  neurons  exiting  the 
cell  cycle  and  entering  differentiation  (27). 
Mef2C  mRNA  is  first  detected  in  the  mouse 
telencephalon  at  postnatal  d  11.5.  This  region  of 
the  brain  is  one  of  the  first  to  begin  neuronal 
differentiation.  At  postnatal  d  13.5,  Mef2C  is 
expressed  in  a  layer  of  cells  in  the  intermediate 
zone  of  the  frontal  cortex  and  in  the  olfactory 
bulb.  At  this  time  MEF2  transcripts  are  also 
localized  in  different  regions  of  the  neural  tube. 
Mef2A  is  distributed  in  a  gradient  with  highest 
levels  in  the  dorsal  portion  and  lowest  levels  in 
the  ventral  portion.  Mef2C  is  expressed  only  in 
the  dorsal  region,  whereas,  Mef2D  is  distrib¬ 
uted  throughout  the  neural  tube.  At  postnatal  d 
14.5,  Mef2C  and  Mef2D  are  detected  in  frontal 
cortex,  hippocampus,  amygdala,  midbrain, 
olfactory  bulb,  and  cerebellum.  Mef2B  is  abun¬ 
dant  in  frontal  cortex,  present  at  lower  levels  in 
the  hippocampus,  midbrain,  and  amygdala, 
and  absent  in  cerebellum.  At  postnatal  d  16.5, 
low  levels  of  Mef2A  overlap  with  high  levels  of 
Mef2C  in  the  hippocampus,  midbrain,  and 
frontal  cortex.  Mef2B  is  also  present  in  both 
frontal  and  midbrain  cortex.  Mef2D  is  the  most 
widely  distributed  of  the  four  genes  at  this 
time.  At  birth,  the  expression  pattern  of  Mef2B 
and  Mef2C  overlap  in  frontal  cortex  and  olfac¬ 
tory  bulbs.  Mef2B  transcripts  appear  in  the 
cerebellum.  In  the  2  wk  postnatal  brain,  all  four 
gene  transcripts  are  present  in  dendate  gyrus. 
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Mcf2C,  -D,  and  -A  appear  in  neurons  of  the 
horn  of  Ammon.  Mef2C  and  Mef2D  are 
expressed  equally  throughout  the  layers  of  the 
frontal  cortex.  Between  2  and  6  wk  after  birth, 
Mef2  transcripts  show  a  striking  pattern  of  dif¬ 
ferential  expression  in  the  mature  cerebellum. 
Mef2A  and  Mef2D  are  found  predominantly  in 
the  granule  layer  of  the  cerebellum.  Mef2C  is 
expressed  primarily  in  Purkinje  neurons  and 
Mef2B  is  very  low  or  absent.  This  dynamic  pat¬ 
tern  of  mRNA  expression  during  pre-  and  post¬ 
natal  development  in  the  mouse  suggests  that 
different  MEF2  isoforms  may  perform  unique 
roles  at  different  stages  of  neuronal  maturation. 

To  date,  there  have  not  been  extensive 
immunocytochemical  studies  performed  to 
localize  the  specific  MEF2  proteins  in  the  brain 
partly  due  to  the  scarcity  of  high  affinity  iso¬ 
form-specific  antibodies.  The  data  thus  far  indi¬ 
cate  that  MEF2  protein  expression  in  the  brain 
correlates  with  mRNA  expression  (30).  For 
example,  in  the  developing  mouse  cerebellum 
(postnatal  d  7),  MEF2A  protein  expression 
occurs  primarily  in  the  internal  granule  layer 
where  the  final  differentiation  and  maturation 
of  granule  neurons  occurs.  Fevels  of  MEF2A 
are  very  low  in  the  external  granule  layer 
where  granule  neuron  precursors  are  still 
dividing.  This  pattern  of  expression  matches 
that  of  mRNA  localization  (27,31).  In  the  devel¬ 
oping  rat  cerebral  cortex,  MEF2C  protein 
expression  is  detectable  at  embryonic  d  17  and 
peaks  around  E21  (29).  MEF2C  is  expressed  in 
the  cortical  plate  but  not  in  the  ventricular  zone 
where  dividing  neuronal  precursors  reside. 
Cortical  cells  expressing  MEF2C  also  express  13- 
tubulin  type  III,  but  not  glial  fibrillary  acidic 
protein,  indicating  that  MEF2C  expression  is 
restricted  to  neurons.  Again,  the  pattern  of 
expression  of  MEF2C  protein  in  cerebral  cortex 
correlates  with  the  pattern  of  expression  of 
Mef2C  mRNA.  The  immunocytochemistry 
data  taken  together  with  the  in  situ  hybridiza¬ 
tion  studies  indicate  that  MEF2  transcription 
factors  are  primarily  expressed  in  differentiat¬ 
ing  neurons  but  not  in  dividing  neuronal  pre¬ 
cursors.  Distinct  MEF2  isoforms  may  mediate 
similar  functions  in  different  populations  of 


neurons,  but  because  of  their  structural  varia¬ 
tions  they  might  be  regulated  in  cell  type-spe¬ 
cific  and  isoform-specific  manners. 

In  Vitro  Studies  of  Neuronal  MEF2 

Studies  of  primary  neuronal  cultures  sup¬ 
port  the  hypothesis  that  MEF2  transcription 
factors  regulate  neuronal  survival  and  differ¬ 
entiation.  In  cultures  of  cerebral  cortical  neu¬ 
rons  where  proliferating  precursor  cells  and 
postmitotic  differentiating  neurons  can  be 
distinguished,  MEF2C  is  selectively  expressed 
in  newly  generated  postmitotic  neurons  and 
is  not  detectable  in  BrdU-positive  precursor 
cells  (31).  Blocking  the  function  of  MEF2C  in 
the  postmitotic  cortical  neurons,  by  introduc¬ 
ing  a  dominant-interfering  form  of  MEF2, 
results  in  apoptotic  cell  death.  Similar  results 
have  been  obtained  in  cultures  of  cerebellar 
granule  neurons  where  expression  of  a  domi¬ 
nant-interfering  form  of  MEF2  reduces  the 
survival  of  granule  neurons  grown  in  the 
presence  of  depolarizing  potassium  (32).  Con¬ 
versely,  expression  of  a  constitutively-active 
form  of  MEF2  promotes  the  survival  of  gran¬ 
ule  neurons  grown  in  the  absence  of  depolar¬ 
izing  potassium,  conditions  that  normally 
trigger  apoptosis  (32).  Additional  evidence 
that  MEF2  regulates  activity-dependent  sur¬ 
vival  of  granule  neurons  comes  from  gene 
silencing  experiments  demonstrating  that 
RNA  interference  (RNAi)  of  MEF2A  in  pri¬ 
mary  cerebellar  cultures  markedly  decreases 
the  survival  of  granule  neurons  (33).  The  loss 
of  MEF2  activity  also  contributes  to  the  death 
of  cortical  neurons  subjected  to  excitotoxic 
stress  (34).  Exposure  of  primary  cortical  neu¬ 
rons  to  excitotoxic  concentrations  of  NMDA 
leads  to  caspase-mediated  cleavage  of  MEF2 
that  yields  dominant-interfering  foms  of 
MEF2  (34).  Caspase-mediated  cleavage  of 
MEF2A  and  MEF2D  also  contributes  to  the 
death  of  granule  neurons  when  deprived  of 
trophic  support  (32). 

In  P19  neuronal  precursor  cells,  expression  of 
MEF2C  induces  a  mixed  neuronal /myogenic 
phenotype  (35).  During  retinoic  acid-induced 
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neurogenesis  of  these  cells,  a  dominant-negative 
form  of  MEF2C  enhances  apoptosis  but  does 
not  affect  cell  division.  On  the  other  hand,  P19 
cells  induced  to  undergo  apoptosis  can  be 
rescued  from  cell  death  by  expression  of  consti- 
tutively-active  MEF2C.  In  addition,  over¬ 
expression  of  MEF2C  in  P19  cells  results  in 
induction  of  neurofilament  protein,  the  nuclear 
antigen  NeuN,  and  MASH-1,  a  neural-specific 
bHLH  transcription  factor  known  to  interact 
with  MEF2s  (36).  These  data  suggest  that  MEF2 
proteins  regulate  neuronal  development  not 
only  by  promoting  survival  but  by  also  inducing 
differentiation. 

Other  examples  of  a  differentiation  role  of 
MEF2  during  neuronal  development  include 
MEF2C  activation  of  the  NMDA  receptor  sub¬ 
unit  1  (NR1)  gene  in  cerebral  cortical  cultures 
(37)  and  the  role  of  the  MEF2B/2C  het¬ 
erodimer  to  mediate  adhesion  related  kinase 
repression  of  the  GnRH  gene  in  GnRH  neu¬ 
ronal  cells  (38).  In  the  former  case,  MEF2C 
interacts  with  Spl  proteins  to  activate  tran¬ 
scription.  This  mechanism  of  transcriptional 
activation  represents  a  nonclassical  mode  of 
gene  regulation  by  MEF2  proteins  that  may 
not  involve  bHLH  binding  partners.  In  the 
case  of  the  GnRH  promoter,  the  putative 
homeodomain  partner  interacting  with 
MEF2B/2C  heterodimer  has  not  yet  been 
identified. 

Activation  of  MEF2  Proteins 
by  Protein  Kinases 

Direct  phosphorylation  of  MEF2  proteins 
plays  an  important  role  in  the  regulation  of 
MEF2  function.  A  casein-kinase  II  (CKII)  phos¬ 
phorylation  site  is  conserved  in  the  MEF2 
domain  of  all  MEF2  proteins.  Phosphorylation 
of  this  site  by  CKII  enhances  DNA  binding  of 
MEF2  (39).  This  site  appears  to  be  constitu- 
tively  phosphorylated  in  vivo  with  no  evi¬ 
dence  for  its  regulation.  It  is  likely  that 
phosphorylation  by  CKII  induces  a  conforma¬ 
tional  change  that  enhances  the  ability  of  the 
MADS  box  and  MEF2  domain  to  contact  DNA. 


Phosphorylation  of  the  transactivation 
domain  of  MEF2  transcription  factors  has  also 
been  shown  to  increase  MEF2  activity.  At  least 
two  isoforms  of  p38  MAP  kinase  (p38a  and 
p38(3)  activate  MEF2A  and  MEF2C  by  phos- 
phorylating  residues  located  in  their  activa¬ 
tion  domains  (40,4 1).  In  the  case  of  MEF2A, 
p38-mediated  phosphorylation  of  T312  and 
T319  within  the  transactivation  domain  is 
required  for  transcriptional  activation  in  mus¬ 
cle  cells  (42).  Additional  serine  residues 
including  S355,  S453,  and  S479  are  phosphory¬ 
lated  in  vitro  by  p38  but  their  relevance  to 
transcriptional  activation  is  questionable 
(40,41,43).  Activation  of  MEF2C  by  p38  seems 
more  complex  than  for  MEF2A  and  is  subject 
to  cell-type  specific  regulation.  Three  promi¬ 
nent  residues  (T293,  T300,  and  S387)  in  the 
activation  domain  of  MEF2C  are  phosphory¬ 
lated  by  p38  in  vitro  (41).  Phosphorylation  of 
these  residues  has  been  shown  to  be  important 
for  MEF2C  activation  by  p38  in  T  lymphocytes 
(44).  However,  only  phosphorylation  of  T293 
is  induced  in  differentiating  myocytes  and  is 
required  for  MEF2C  activation  by  p38  during 
muscle  differentiation  (45).  Introduction  of 
dominant-interfering  mutants  of  p38  in  pri¬ 
mary  neurons  and  differentiating  P19  neurons 
has  been  shown  to  reduce  MEF2-dependent 
transcription  and  induce  apoptosis  (31,35), 
suggesting  that  p38  mediates  the  activation  of 
MEF2  in  neurons.  The  isoforms  of  MEF2  that 
are  phosphorylated  by  p38  in  neurons  and  the 
sites  that  are  critical  for  enhanced  transactiva¬ 
tion  are  not  yet  understood.  Moreover, 
whether  activation  of  Mef2  proteins  by  p38  is 
a  common  mechanism  shared  by  diverse  types 
of  neurons  is  unclear. 

In  addition  to  p38  MAP  kinase,  the  serine/ 
threonine  kinase  ERK5  is  capable  of  phos- 
phorylating  the  transactivation  domains  of 
MEF2A,  -C,  and  -D  resulting  in  increased  tran¬ 
scriptional  activity  (46-49).  Interestingly,  ERK5 
has  also  been  shown  to  possess  a  transactivation 
domain  and  may  stimulate  MEF2-dependent 
transcription  by  functioning  as  a  coactivator 
that  facilitates  recruitment  of  the  basal  tran¬ 
scription  machinery  (50).  In  T  lymphocytes. 
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ERK5-MEF2  interactions  are  stimulated  by 
increases  in  intracellular  calcium  and  inhibited 
by  Cabin  (50).  Recent  studies  indicate  that  ERK5 
activation  of  MEF2  plays  an  important  role  in 
BDNF-mediated  survival  of  primary  cortical 
neurons  (51).  Similarly,  the  temporal  survival 
effects  of  BDNF  in  cerebellar  granule  neurons 
appear  to  be  mediated  by  an  ERK5/MEF2  sig¬ 
naling  pathway  that  induces  transcription  of 
neurotrophin-3  (52). 

Inactivation  of  Neuronal  MEF2 
Proteins  by  Phosphorylation 
and  Regulation  by  Calcium 
Signaling 

MEF2  transcription  factors  in  muscle  cells  are 
sensitive  to  calcium  signals  that  act  through 
multiple  mechanisms  to  modulate  transcrip¬ 
tional  activity  (12).  Recent  work  suggests  that 
MEF2  activty  in  neurons  is  similarly  regulated 
by  intracellular  calcium.  Calcineurin  is  a  ser¬ 
ine/threonine  phosphatase  that  is  activated  by 
the  binding  of  calcium  and  calmodulin.  Recent 
studies  have  shown  that  calcineurin  promotes 
the  DNA  binding  and  activity  of  MEF2  tran¬ 
scription  factors  in  neurons  that  depend  on 
depolarization-mediated  calcium  influx  for 
their  survival  (31,32).  Cultured  cerebellar  gran¬ 
ule  neurons  survive  in  the  presence  of  high 
intracellular  calcium,  a  condition  that  mimics 
activity-dependent  neuronal  survival  during 
development.  The  neurons  are  cultured  in  ele¬ 
vated  (25  m M)  potassium  that  promotes  an 
influx  of  calcium  by  opening  L-type  voltage 
sensitive  calcium  channels  resulting  in  persis¬ 
tent  activation  of  calcineurin.  Removal  of  depo¬ 
larization  induces  hyperphosphorylation  of 
MEF2D  and  MEF2A  on  serine/ threonine 
residues,  resulting  in  decreased  DNA  binding 
and  susceptibility  to  caspase  cleavage  (29,32). 
The  subsequent  loss  of  MEF2  dependent  gene 
transcription  leads  to  apoptosis  of  granule  neu¬ 
rons  (see  Fig.  2).  The  hyperphosphorylation  of 
MEF2  is  mimicked  by  the  addition  of  cal¬ 
cineurin  inhibitors  to  depolarizing  medium. 


indicating  that  calcineurin  maintains  MEF2  in  a 
hypophosphorylated  state  that  has  enhanced 
DNA  binding  and  transcriptional  activity 
(29,32).  The  kinase(s)  responsible  for  phospho- 
rylating  the  sites  that  calcineurin  keeps  dephos- 
phorylated  in  healthy  neurons  is  unknown. 
Recent  findings,  however,  indicate  that  a  MEF2 
kinase  activated  during  neuronal  apoptosis  is 
lithium-sensitive  but  is  distinct  from  glycogen 
synthase  kinase-3  (GSK-3)  (53).  Additional 
studies,  discussed  in  the  following  section, 
have  shown  that  Cdk5  phosphorylates  and 
inactivates  MEF2  in  cerebral  cortical  neurons 
undergoing  apoptosis  (54).  Whether  or 
notCdk5  regulates  MEF2  phosphorylation  in 
granule  neurons  during  removal  of  depolariza¬ 
tion  signals  remains  to  be  determined. 

In  primary  cortical  neurons,  phosphoryla¬ 
tion  of  MEF2  by  Cdk5  results  in  inhibition  of 
MEF2  transcriptional  activity  (54).  The  Cdk5 
phosphorylation  site  is  conserved  in  MEF2A,  - 
C,  and  -D  and  lies  within  the  transactivation 
domain  of  MEF2.  Oxidative  stress  and  excito- 
toxic  concentrations  of  glutamate  increase 
nuclear  Cdk5  activity  leading  to  Cdk5-depen- 
dent  phosphorylation  of  MEF2  and  inhibition 
of  function.  Moreover,  MEF2  mutants  that  are 
resistant  to  Cdk5  phosphorylation  rescue  neu¬ 
rons  from  neurotoxin-induced  apoptosis.  In 
light  of  accumulating  evidence  that  Cdk5 
activity  is  dysregulated  in  a  number  of  neu- 
rodegenerative  disorders  including,  Alz- 
hiemer's  disease,  amyotrophic  lateral  sclerosis, 
and  Parkinson's  disease  (55-58),  these  data 
raise  the  possibility  that  decreased  function  of 
the  survival-promoting  transcription  factor 
MEF2  contributes  to  the  neuronal  loss 
observed  in  neurodegenerative  diseases. 

The  mechanism  by  which  phosphorylation 
by  Cdk5  inhibits  MEF2  function  is  not  under¬ 
stood.  Phosphorylation  by  Cdk5  may  target 
MEF2  for  cleavage  and/ or  degradation. 
Whether  or  not  Cdk5  phosphorylation  of 
MEF2  is  related  to  the  caspase  cleavage  of 
MEF2  proteins  that  occurs  during  neuronal 
apoptosis  remains  to  be  investigated.  Another 
possibility  is  that  phosphorylation  changes  the 
conformation  of  MEF2  which  in  turn  alters  its 
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Fig.  2.  Regulation  of  neuronal  MEF2  function  by  calcium  signaling.  Primary  cultures  of  cerebellar  granule 
neurons  require  depolarization-stimulated  MEF2  activity  for  their  survival.  Removal  of  extracellular  depolariz¬ 
ing  potassium  leads  to  a  decrease  in  calcium  influx  and  subsequent  inactivation  of  calcineurin  phosphatase 
activity.  The  loss  of  calcineurin  activity  acts  in  a  coordinated  manner  with  activation  of  a  pro-apoptotic  MEF2 
kinase  (X),  resulting  in  a  marked  hyperphosphorylation  of  MEF2  proteins.  Hyperphosphorylation  of  MEF2 
decreases  its  DNA  binding  and  enhances  its  susceptibility  to  caspase-mediated  degradation.  The  loss  of  MEF2- 
dependent  transcription  of  pro-survival  genes  contributes  to  granule  neuron  apoptosis.  The  hyperphosphoryla¬ 
tion  of  MEF2  can  be  partially  mimicked  under  depolarizing  conditions  by  addition  of  calcineurin  inhibitors 
(cyclosporin  A  and  FK506),  demonstrating  a  key  role  for  calcineurin  in  maintaining  MEF2  proteins  in  a 
hypophosphorylated  (DNA-bound)  state  in  healthy  neurons.  Neither  the  sites  of  hyperphosphorylation  induced 
on  MEF2  during  neuronal  apoptosis,  nor  the  kinase  responsible,  are  currently  known.  However,  the  MEF2 
kinase  (X)  is  a  lithium-sensitive  kinase  distinct  from  the  known  lithium  target,  glycogen  synthase  kinase-3. 
Whether  or  not  Cdk5,  a  pro-apoptotic  kinase  that  phosphorylates  and  inactivates  MEF2  in  cortical  neurons, 
plays  a  role  in  the  hyperphosphorylation  of  MEF2  in  cerebellar  granule  neurons  remains  to  be  investigated. 


interaction  with  cofactors  or  the  basal  tran¬ 
scription  machinery. 

Indirect  Mechanisms  of  MEF2 
Regulation  by  Protein  Kinases 

In  addition  to  the  direct  phosphorylation  of 
MEF2  proteins  that  regulate  their  activity,  there 
are  also  indirect  mechanisms  by  which  protein 
kinases  influence  MEF2  function.  In  particular, 
serine  phosphorylation  of  two  repressors  of 
MEF2  activity,  class  II  histone  deacetylases 
(HDACs)  and  MEF2-interacting  transcription 
repressor  (MITR),  leads  to  their  nuclear  export 
and  association  with  cytoplasmic  scaffolding 


proteins  of  the  14-3-3  family  (59-62).  In  this 
manner,  a  serine  kinase  acts  indirectly  to  dere¬ 
press  MEF2  activity.  In  all  of  the  studies  cited 
above,  overexpression  of  active  calcium/ 
calmodulin-dependent  kinases  (CaMKs)  I  and 
IV  was  utilized  to  stimulate  phosphorylation 
of  the  HDACs  in  muscle  cells  and  nonmuscle 
cells  (e.g.,  COS  or  NIH3T3  fibroblasts).  How¬ 
ever,  the  identity  of  the  endogenous  kinase 
responsible  for  phosphorylation  of  HDACs  in 
muscle  is  currently  unknown.  We  have 
recently  shown  that  class  II  HDACs  (HDAC4 
and  HDAC5)  are  excluded  from  the  nuclei  of 
cerebellar  granule  neurons  cultured  in  depo¬ 
larizing  medium  (Linseman  et  al.,  in  press). 
Either  removal  of  the  depolarization  stimulus 
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Fig.  3.  Derepression  of  neuronal  MEF2  activity  by  CaMKII-mediated  phosphorylation  of  HDAC.  In  cerebellar 
granule  neurons  cultured  in  depolarizing  extracellular  potassium,  the  MEF2  repressor  histone  deacetylase-5 
(HDAC5),  is  excluded  from  the  nucleus.  Under  these  conditions  it  is  retained  in  the  cytoplasm  in  a  phosphory- 
lated  state,  likely  associated  with  scaffolding  proteins  of  the  14-3-3  family.  Removal  of  the  depolarization  stim¬ 
ulus  induces  a  rapid  translocation  of  HDAC5  into  the  nucleus  where  it  interacts  with  MEF2  to  repress  its 
transcriptional  activity.  The  nuclear  translocation  of  HDAC5  can  also  be  stimulated  under  depolarizing  condi¬ 
tions  either  by  the  addition  of  a  calcium/calmodulin-dependent  kinase  (CaMK)  inhibitor,  KN93,  or  by  the  anti¬ 
sense-mediated  depletion  of  CaMKIIa.  These  data  suggest  a  mechanism  by  which  depolarization-mediated 
calcium  influx  acts  through  CaMKII  to  induce  phosphorylation  and  nuclear  export  of  HDAC5,  resulting  in  dere¬ 
pression  of  MEF2  activity  in  healthy  neurons. 


or  addition  of  CaMK  inhibitors  (KN93  or 
KN62)  stimulates  a  rapid  translocation  of 
HDACs  into  the  nucleus,  resulting  in  repres¬ 
sion  of  MEF2  activity  and  induction  of  cerebel¬ 
lar  granule  neuron  apoptosis.  Furthermore, 
HDAC  nuclear  translocation  and  apoptosis  are 
induced  by  antisense-mediated  depletion  of 
CaMKIIa,  a  neuronal  specific  CaMK  isoform. 
These  results  are  the  first  to  identify  an 
endogenous  kinase  capable  of  regulating 
HDAC  localization  and  suggest  a  mechanism 
by  which  depolarization-mediated  calcium 
influx  acts  through  CaMKII  to  phosphorylate 
HDAC,  promoting  its  nuclear  export  and  dere¬ 
pression  of  MEF2  activity  ( see  Fig.  3).  In  further 
support  of  this  mechanism  in  neurons,  Chawla 
et  al.  (63)  recently  showed  that  CaMK 
inhibitors  similarly  attenuate  HDAC  nuclear 


export  in  hippocampal  neuronal  cultures. 
Thus,  CaMK-mediated  inactivation  of  HDACs 
may  act  in  a  cooperative  manner  with  kinases 
that  directly  phosphorylate  and  activate  MEF2 
proteins  to  regulate  this  important  transcrip¬ 
tion  factor  in  neurons. 


Summary  and  Future  Directions 

The  MEF2  family  of  transcription  factors  act 
as  effectors  of  diverse  signaling  pathways  that 
regulate  fundamental  cellular  processes.  It 
seems  paradoxical  that  MEF2  could  control 
such  diverse  and  opposing  functions  such  as 
proliferation,  differentiation,  and  apoptosis.  A 
likely  explanation  lies  in  the  identity  of  tissue- 
specific  DNA  binding  partners  and  coactiva- 
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tors,  as  well  as,  cell-type  and  isoform-specific 
regulation  by  a  variety  of  protein  kinases.  The 
identities  of  the  MEF2  target  genes  that  medi¬ 
ate  many  of  the  cellular  responses,  particularly 
in  neurons,  remain  to  be  determined.  Future 
studies  using  conditional  gene  inactivation  to 
assess  the  in  vivo  functions  of  specific  MEF2 
isoforms  in  neuronal  development  will  further 
our  understanding  of  MEF2  function  in  the 
nervous  system. 
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Abstract 

Primary  cerebellar  granule  neurons  (CGNs)  require  depolariz¬ 
ing  extracellular  potassium  for  their  survival.  Removal  of 
depolarizing  potassium  triggers  CGN  apoptosis  that  requires 
induction  of  Bim,  a  BH3-only  Bcl-2  family  member.  Bim  is 
classically  thought  to  promote  apoptosis  by  neutralizing  pro¬ 
survival  Bcl-2  proteins.  To  determine  if  this  is  the  principal 
function  of  Bim  in  CGNs,  we  contrasted  Bim-mediated  apop¬ 
tosis  to  neuronal  death  induced  by  HA14-1,  a  BH3-domain 
mimetic  that  antagonizes  Bcl-2  and  Bcl-x(L).  HA14-1  elicited 
CGN  apoptosis  characterized  by  caspase  3  and  9  activation, 
cytochrome  c  release,  conformational  activation  of  Bax,  and 
mitochondrial  depolarization.  HA14-1  provoked  CGN  apoptosis 
in  the  absence  of  Bim  induction  and  negative  regulators  of  Bim 
transcription  did  not  prevent  HA1 4-1 -induced  cell  death.  How¬ 
ever,  the  antioxidant  glutathione  and  its  precursor,  N- acetyl- 


L-cysteine,  suppressed  HA1 4-1 -induced  apoptosis.  Similarly, 
apoptosis  induced  by  either  a  structurally  distinct  Bcl-2/Bcl-x(L) 
inhibitor  (compound  6)  or  Bcl-2  antisense  oligonucleotides  was 
diminished  by  glutathione.  In  contrast,  antioxidants  had  no 
effect  on  CGN  apoptosis  provoked  by  either  removal  of  depo¬ 
larizing  potassium  or  overexpression  of  a  GFP-Bim  fusion 
protein,  two  models  of  Bim-dependent  death.  These  data  show 
that  antagonism  of  Bcl-2/Bcl-x(L)  function  elicits  oxidative 
stress-dependent  CGN  apoptosis  that  is  mechanistically  dis¬ 
tinct  from  Bim-mediated  cell  death.  These  results  further  indi¬ 
cate  that,  although  Bcl-2/Bcl-x(L)  antagonism  is  sufficient  to 
induce  neuronal  apoptosis,  Bim  likely  promotes  neuronal  death 
by  interacting  with  additional  proteins  besides  Bcl-2/Bcl-x(L). 
Keywords:  apoptosis,  Bcl-2,  Bim,  cerebellar  granule  neuron, 
glutathione,  oxidative  stress. 
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Although  apoptosis  (programmed  cell  death)  plays  an 
essential  role  in  the  normal  development  of  the  central 
nervous  system  (Lossi  and  Merighi  2003),  unchecked 
apoptotic  cell  death  has  been  implicated  in  the  progression 
of  several  neurodegenerative  disorders  (Ekshyyan  and  Aw 
2004).  For  instance,  with  the  advent  of  new  techniques  to 
identify  apoptotic  cells  in  situ ,  evidence  supporting  a 
significant  apoptotic  component  of  neuronal  degeneration 
in  Parkinson’s  disease  is  compelling  (Fiskum  et  al.  2003; 
Tatton  et  al.  2003).  Investigations  into  the  molecular  mech¬ 
anisms  underlying  Parkinsonian  neuronal  death  have  iden¬ 
tified  a  principal  pathway  involving  Bax-dependent 
mitochondrial  apoptosis  (Vila  et  al.  2001;  Viswanath  et  al. 
2001).  Similarly,  diverse  morphological  and  immunocyto- 
chemical  markers  have  been  implemented  to  identify  activa¬ 
tion  of  a  mitochondrial  apoptotic  cascade  in  other 
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neurodegenerative  diseases,  including  amyotrophic  lateral 
sclerosis  and  Huntington's  disease  (Guegan  et  al.  2001;  Jana 
et  al.  2001;  Inoue  et  al.  2003).  These  in  vivo  findings 
illustrate  the  importance  of  elucidating  the  regulation  of 
mitochondrial  apoptosis  in  the  context  of  neurodegenerative 
diseases 

Primary  cultures  of  cerebellar  granule  neurons  (CGNs) 
undergo  apoptosis  when  deprived  of  depolarizing  extracel¬ 
lular  potassium  and  have  consequently  been  utilized  as  a 
primary  neuronal  model  to  study  this  process  (D’Mello  et  al. 
1993).  CGNs  die  by  a  mitochondrial  apoptotic  pathway  that 
requires  Bax  activation  and  induction  of  the  BH3-only 
protein,  Bim  (Harris  and  Johnson  2001;  Linseman  et  al. 
2002;  Linseman  et  al.  2004).  Bim  is  a  pro-apoptotic  Bcl-2 
family  member  that  plays  a  key  role  in  neuronal  apoptosis 
(Putcha  et  al.  2001;  Whitfield  et  al.  2001;  Putcha  et  al. 
2002).  BH3  domain-only  proteins,  like  Bim,  are  commonly 
thought  to  promote  mitochondrial  apoptosis  primarily  by 
interacting  with  and  neutralizing  anti-apoptotic  members  of 
the  Bcl-2  family  [e.g.  Bcl-2  and  Bcl-x(L)]  (reviewed  in 
Strasser  et  al.  2000;  Bouillet  and  Strasser  2002).  For 
example,  using  techniques  such  as  the  yeast  two-hybrid 
assay,  Bim  has  been  shown  to  interact  directly  with  multiple 
anti-apoptotic  Bcl-2  family  members  and  inhibit  their  pro¬ 
survival  functions  in  non-neuronal  cells  (Hsu  et  al.  1998; 
Wilson-Annan  et  al.  2003).  Moreover,  Bim  gene  deletion 
prevents  a  host  of  non-neuronal  degenerative  disorders, 
including  fragility  of  the  lymphoid  system  and  polycystic 
kidney  disease,  observed  in  Bcl-2 -deficient  mice,  suggesting 
that  Bim  acts  as  an  endogenous  antagonist  of  Bcl-2  in  some 
tissues  (Bouillet  et  al.  2001).  Finally,  anti-apoptotic  Bcl-2 
family  proteins  promote  survival  principally  by  sequestering 
and  inhibiting  the  function  of  Bax  and  Bak,  multidomain 
Bcl-2-like  proteins  that  permeabilize  the  outer  mitochondrial 
membrane  to  permit  the  release  of  cytochrome  c  (Wei  et  al. 
2001;  Degenhardt  et  al.  2002).  Consistent  with  this,  BH3- 
only  proteins  require  the  presence  of  Bax  or  Bak  to  trigger 
the  mitochondrial  apoptotic  cascade  (Zong  et  al.  2001). 
Despite  the  above  findings,  there  is  currently  sparse  evidence 
demonstrating  that  the  major  pro-apoptotic  function  of  Bim 
in  neurons  is  to  directly  antagonize  Bcl-2/Bcl-x(L)  function. 

In  order  to  study  the  principal  role  of  Bim  in  neuronal 
apoptosis,  we  contrasted  the  mechanism  of  Bim-dependent 
CGN  death  to  that  induced  by  the  Bcl-2/Bcl-x(L)  antagonist, 
HA  14-1.  HA  14-1  is  a  novel  organic  compound  that  was  a 
product  of  a  rational  drug  design  effort  to  find  small  molecules 
that  could  compete  with  the  Bak  BH3-domain  for  binding  to  a 
hydrophobic  surface  pocket  on  Bcl-2  (Wang  et  al.  2000). 
HA14-1  has  micromolar  affinity  for  Bcl-2  and  Bcl-x(L)  and 
acts  as  a  mimetic  of  BH3-only  proteins  by  antagonizing  the 
anti-apoptotic  Bcl-2  proteins  and  triggering  Bax-dependent 
apoptosis  (Wang  et  al.  2000;  Chen  et  al.  2002;  An  et  al. 
2004).  In  addition,  we  utilized  another  BH3  domain  mimetic 
that  is  structurally  distinct  from  HA  14-1,  compound  6 


[2,9-dimethoxy- 11,1 2-dihydrodibenzo-[c,g]  [  1 ,2]  -diazocine 
5,6-dioxide  (A)  and  5,5-dimethoxy-2,2/-dinitrosobenzyl  (B)]. 
Compound  6,  like  HA14-1,  interacts  with  the  hydrophobic 
surface  pocket  of  Bcl-2  and  Bcl-x(L)  proteins,  preventing 
them  from  binding  to  pro-apoptotic  family  members  (Enyedy 
et  al.  2001).  Finally,  one  other  means  of  inhibiting  Bcl-2 
function  is  to  interfere  with  its  synthesis  by  using  antisense 
oligonucleotides.  These  three  tools  complement  one  another 
and  allow  for  a  comparison  of  the  apoptotic  pathway  induced 
by  inhibition  of  Bcl-2  and/or  Bcl-x(L)  function  versus  the 
mechanism  of  Bim-dependent  neuronal  death. 

Experimental  procedures 

Materials 

HA14-1,  compound  6,  FITC-labeled  phosphorothioate  antisense 
oligonucleotides  to  Bcl-2,  Bcl-2  antisense  oligonucleotide  negative 
control,  SB203580,  NAC,  and  GSH  monoethyl  ester  were  pur¬ 
chased  from  Calbiochem  (San  Diego,  CA,  USA).  Bcl-2,  Bcl-x(L), 
and  Bcl-w  (each  C-terminal  truncated,  His-Tag,  human  recombinant 
proteins)  were  purchased  from  Oncogene  Research  Products  (San 
Diego,  CA,  USA).  BimEL-GST  recombinant  protein  was  purchased 
from  Upstate  Biotechnology  (Lake  Placid,  NY,  USA).  Monoclonal 
antibody  to  fi-tubulin,  Hoechst  dye  number  33258,  and  4, 
6-diamidino-2-phenylindole  (DAPI)  were  from  Sigma  (St  Louis, 
MO,  USA).  Glutathione-agarose  beads  and  rabbit  polyclonal 
antibodies  to  Bcl-2,  Bcl-x(L),  Bcl-w,  cleaved  caspase  9,  cleaved 
caspase  3,  cytochrome  c,  and  Bim  were  obtained  from  Santa  Cmz 
Biotechnology  (Santa  Cmz,  CA,  USA).  Rabbit  polyclonal  antibody 
to  active  (cleaved)  caspase  3  for  immunocytochemistry  was  from 
Promega  (Madison,  WI,  USA).  Monoclonal  antibody  (clone  6A7) 
to  the  active  conformation  of  Bax  was  purchased  from  Alexis 
Biochemicals  (San  Diego,  CA,  USA).  FITC-  and  Cy3 -conjugated 
secondary  antibodies  for  immunocytochemistry  were  purchased 
from  Jackson  ImmunoResearch  Laboratories  (West  Grove,  PA, 
USA).  Rabbit  polyclonal  antibody  to  6X  His-tag  was  purchased 
from  Abeam  (Cambridge,  MA,  USA).  Horseradish  peroxidase- 
linked  secondary  antibodies  and  reagents  for  enhanced  chemilumi¬ 
nescence  detection  were  obtained  from  Amersham  Phannacia 
Biotech  (Piscataway,  NJ,  USA).  Rhodamine-phalloidin  and  tetra- 
methylrhodamine  ethyl  ester  (TMRE)  were  from  Molecular  Probes 
(Eugene,  OR,  USA).  Recombinant  human  IGF -I  was  provided  by 
Margarita  Quiroga  (Chiron,  Emeryville,  CA,  USA). 

CGN  culture 

As  previously  described  (Linseman  et  al.  2002),  primary  CGNs 
were  isolated  from  7-day-old  Sprague-Dawley  rat  pups  (15-19  g). 
Neurons  were  plated  on  35-mm-diameter  plastic  dishes  coated  with 
poly-L-lysine  at  a  density  of  2.0  X  106  cells/mL  in  basal  modified 
Eagles  medium  containing  10%  fetal  bovine  serum,  25  mM  KC1, 
2  mM  L-glutamine,  and  100  U/mL  penicillin/ 100  pg/mL  streptomy¬ 
cin  (Invitrogen,  Grand  Island,  NY,  USA).  At  24  h  after  plating, 
cytosine  arabinoside  (10  pM)  was  added  to  the  culture  medium  in 
order  to  limit  the  growth  of  non-neuronal  cells.  Cultures  were  almost 
entirely  pure  for  granule  neurons  (~95-99%).  All  experiments  were 
perfonned  after  6-8  days  in  culture. 
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Quantitation  of  apoptosis 

Apoptosis  was  induced  by  the  addition  of  varying  concentrations  of 
either  HA  14-1,  compound  6,  or  Bcl-2  antisense  oligonucleotides  to 
serum-free  culture  medium  containing  25  mM  KC1.  In  some 
experiments,  cultures  were  switched  from  high  potassium  medium 
to  that  containing  only  5  mM  KC1.  CGNs  were  incubated  under  the 
above  conditions  for  24  h  and  were  subsequently  fixed  in  4% 
paraformaldehyde.  Chromatin  was  stained  with  Hoechst  dye  to 
visualize  nuclear  morphology.  Criteria  for  apoptosis  included 
condensed  or  fragmented  nuclei.  In  general,  approximately 
500  CGNs  from  at  least  two  different  fields  of  a  35-mm  well  were 
counted.  Data  are  presented  as  the  percentage  of  cells  in  a  given 
treatment  condition  that  were  scored  as  apoptotic  based  on  the 
aforementioned  criteria.  Experiments  were  performed  in  triplicate. 

Preparation  of  CGN  cell  extracts 

CGNs  were  incubated  for  the  times  specified  and  with  the  reagents 
described  in  Results.  After  the  incubation  period,  the  medium  was 
aspirated  and  the  cells  were  washed  once  with  2  mL  of  ice-cold 
phosphate-buffered  saline  (PBS),  pH  7.4.  Cells  were  then  placed  on 
ice  and  scraped  into  lysis  buffer  (200  pL/35-mm  well)  containing  (in 
mM):  20  HEPES,  pH  7.4,  50  NaCl,  1  EGTA,  5  ((-glycerophosphate, 
30  sodium  pyrophosphate,  and  1  phenylmethylsulfonyl  fluoride, 
plus  1%  Triton  X-100,  100  gM  sodium  orthovanadate,  10  pg/rnL 
leupeptin,  and  10  pg/mL  aprotinin.  Cell  debris  was  removed  by 
centrifiigation  at  6000  g  for  3  min,  and  a  commercially  available 
protein  assay  kit  (Pierce,  Rockford,  IL,  USA)  was  used  to  detennine 
the  protein  concentration  of  the  supernatants.  Next,  aliquots 
(~80  pg)  of  supernatant  protein  were  diluted  to  a  final  concentration 
of  1  x  sodium  dodecyl  sulfate  -  polyacrylamide  gel  electrophoresis 
(SDS-PAGE)  sample  buffer,  boiled  for  5  min,  and  electrophoresed 
through  1 5%  polyacrylamide  gels.  Proteins  were  then  transferred  to 
polyvinylidene  difluoride  (PVDF)  membranes  (Amersham  Pharma¬ 
cia  Biotech)  and  processed  for  western  blot  analysis. 

Western  blotting 

Non-specific  binding  sites  were  blocked  by  the  addition  of  PBS, 
pH  7.4,  containing  0.1%  Tween  20  (PBS-T)  and  1%  bovine  serum 
albumin  (BSA)  for  1  h  at  room  temperature  (22°C).  Blocking 
solution  was  used  to  dilute  primary  antibodies  and  this  solution  was 
then  incubated  with  the  membranes  for  1  h.  Next,  the  membranes 
were  washed  three  times  (15  min  intervals)  with  PBS-T  in  order  to 
remove  excess  primary  antibody.  Horseradish  peroxidase-conju¬ 
gated  secondary  antibodies  were  diluted  in  PBS-T  and  membranes 
were  incubated  in  this  solution  for  1  h.  Again,  membranes  were 
washed  three  times  with  PBS-T  to  remove  excess  secondary 
antibody.  Immunoreactive  proteins  were  detected  by  enhanced 
chemiluminescence.  Autoluminograms  shown  are  representative  of 
at  least  three  independent  experiments. 

HA14-1  competition  binding  assay 

His-tagged  recombinant  Bcl-2  family  proteins  (either  Bcl-2,  Bcl- 
x(L),  or  Bcl-w;  50  ng),  Bim-GST  (10  ng),  and  HA14-1  (when 
indicated;  500  pM),  were  mixed  in  a  microfuge  tube  in  a  total 
volume  of  100  pL  cell  lysis  buffer  (see  above)  containing  0.1% 
Triton  X-100  for  30  min  at  4°C.  Next,  30  pL  of  GSH-agarose  beads 
were  added  to  the  samples  to  bind  the  Bim-GST  fusion  protein  and 
tubes  were  rotated  for  an  additional  20  min  at  4°C.  Each  sample  was 


centrifuged  for  90  s  at  12  000  g  and  supernatants  were  removed. 
The  GSH-beads  were  then  washed  twice  with  ice-cold  0.1%  Triton 
X-100  lysis  buffer.  The  supernatants  and  beads  were  then  resolved 
on  12.5%  polyacrylamide  gels  and  proteins  were  transferred  to 
PVDF  membranes  for  western  blotting.  A  polyclonal  antibody  to 
Bcl-2  was  used  to  detect  the  Bcl-2  protein  and  a  polyclonal  antibody 
that  recognizes  a  6X  His-tag  was  employed  to  detect  Bcl-x(L)  and 
Bcl-w. 

Immunofluorescence  microscopy 

CGNs  were  cultured  on  polyethyleneimine-coated  glass  coverslips 
at  a  density  of  approximately  2.5  X  105  cells  per  coverslip.  After 
appropriate  incubation  as  described  in  Results,  CGNs  were  fixed  in 
4%  paraformaldehyde  and  were  subsequently  penneabilized  and 
blocked  in  PBS,  pH  7.4,  containing  0.2%  Triton  X-100  and  5% 
BSA.  Coverslips  were  then  incubated  for  16  h  at  4°C  with  primary 
antibody  diluted  in  PBS  containing  0.2%  Triton  X-100  and  2% 
BSA.  The  primary  antibody  solution  was  aspirated  and  cells  were 
washed  five  times  with  PBS.  Then,  CGNs  were  incubated  with 
F1TC-  or  Cy3 -conjugated  secondary  antibodies  and  DAPI  for  1  h  at 
room  temperature.  Again,  cells  were  washed  five  times  with  PBS 
and  coverslips  were  then  adhered  to  glass  slides  in  mounting 
medium  (0.1%  p-phenylenediamine  in  75%  glycerol  in  PBS). 
Fluorescent  images  were  captured  using  either  a  63  x  or  100  X  oil 
immersion  objective  on  a  Zeiss  Axioplan  2  microscope  equipped 
with  a  Cooke  Sensicam  deep-cooled  CCD  camera  and  a  Slidebook 
software  analysis  program  for  digital  deconvolution  (Intelligent 
Imaging  Innovations,  Denver,  CO,  USA). 

Measurement  of  mitochondrial  membrane  potential 

CGNs  were  grown  on  glass  coverslips  and  incubated  in  the  absence 
or  presence  of  HA14-1,  as  described  in  Results.  TMRE  (500  nM) 
and  Hoechst  dye  were  added  directly  to  the  cells  30  min  prior  to  the 
end  of  the  incubation  period.  Afterwards,  the  coverslips  were 
inverted  onto  slides  into  a  small  volume  of  phenol  red-free  medium 
containing  TMRE  (500  nM).  Cells  were  imaged  live  under  a  Cy3 
filter  to  detect  TMRE  fluorescence  using  a  100  X  oil  objective.  All 
images  were  acquired  at  equal  exposure  times  for  TMRE  fluores¬ 
cence  to  determine  relative  mitochondrial  membrane  potentials. 

Preparation  of  GFP-Bim  cDNA 

BimEL  cDNA  was  excised  from  a  pCMS-EGFP/Bim  bicistronic 
plasmid  (kindly  provided  by  Dr  Lloyd  Greene  and  Dr  Subhas 
Biswas,  Columbia  University,  NY)  with  A7toI  and  Kpril  restriction 
enzymes.  The  excised  cDNA  was  ligated  into  A7?oI/Xp«I-cleaved 
pEGFP-C3  (Promega).  The  ligation  reaction  resulted  in  an  N- 
tenninal  fusion  of  GFP  onto  the  BimEL  protein.  Successful 
constmction  of  the  pEGFP-Bim  was  verified  by  DNA  sequencing. 

Gene  gun  transfection  of  primary  CGNs 

CGNs  were  transiently  transfected  using  the  Helios  Gene-Gun 
system  (Bio-Rad,  Hercules,  CA,  USA).  Briefly,  60  pg  of  either 
pEGFP  or  pEGFP-Bim  plasmid  DNA  was  precipitated  onto  30  mg 
of  0.6  gm-diameter  gold  beads  in  a  CaCVspermidine  mixture.  The 
gold/DNA  precipitates  were  washed  three  times  in  100%  ethanol, 
and  re-suspended  in  3  mL  of  ethanol  containing  0.05  mg/mL 
polyvinylpyrrolidone.  After  thoroughly  re-suspending  the  gold/ 
DNA  precipitate,  it  was  drawn  into  approximately  74  cm  of  Tefzel 
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tubing  and  the  beads  were  allowed  to  settle  to  the  bottom  of  the 
tubing.  After  5  min,  the  ethanol  was  slowly  drawn  off  while  the 
beads  adhered  to  the  tubing.  The  tubing  was  dried  under  nitrogen  for 
an  additional  5  min  and  was  then  cut  into  approximately  1.3 -cm 
pieces.  CGNs  to  be  transfected  were  seeded  at  a  density  of 
8  x  105  cells/well  on  polyethyleneimine-coated  glass  coverslips  in 
24-well  plates.  After  5  days  in  culture,  the  medium  was  removed 
from  the  wells  and  the  1.3-cm  lengths  of  tubing  containing  the 
DNA-bound  beads  were  loaded  into  the  Gene  Gun  and  shot  with  a 
burst  of  100  p.s.i.  helium  through  a  40  pm  nylon  cell  strainer  placed 
over  the  well.  The  medium  was  immediately  replaced  and  cells  were 
incubated  for  an  additional  24  h  before  image  analysis. 

Data  analysis 

The  results  that  are  shown  represent  the  means  ±  SEM  for  the 
number  ( n )  of  independent  experiments  that  were  performed. 
Statistical  differences  between  the  means  of  unpaired  sets  of  data 
were  evaluated  by  one-way  anova,  followed  by  a  post-hoc 
Dunnett’s  or  Tukey’s  test.  A  p-value  of  <0.05  was  considered 
statistically  significant. 


Results 

HA14-1  specifically  antagonizes  Bcl-2  and  Bcl-x(L)  and 
induces  apoptosis  of  CGNs 

To  assess  the  specificity  of  the  BH3  domain  mimetic,  HA14- 
1,  for  binding  to  various  pro-survival  Bcl-2  family  members, 
we  examined  its  ability  to  interfere  with  the  interaction 
between  recombinant  His-tagged  Bcl-2,  Bcl-x(L),  or  Bcl-w 
and  a  Bim-GST  fusion  protein  in  an  in  vitro  binding  assay. 
When  GSH-agarose  beads  were  added  to  a  solution 
containing  recombinant  His-Bcl-2  alone,  a  small  amount  of 
non-specific  binding  of  Bcl-2  was  observed  in  the  pellet 
while  most  remained  in  the  supernatant  (Fig.  la,  left  blot, 
first  lane).  Inclusion  of  Bim-GST  with  Bcl-2  resulted  in 
significant  pull-down  of  the  Bcl-2  protein,  presumably  bound 
to  Bim,  in  the  pelleted  GSH-agarose  beads  (Fig.  la,  left  blot, 
second  lane).  The  ability  of  Bim-GST  to  bind  to  recombinant 
Bcl-2  was  significantly  antagonized  by  addition  of  HA14-1, 
resulting  in  a  loss  of  Bcl-2  in  the  GSH-agarose  pellet  and  a 
corresponding  increase  of  Bcl-2  in  the  supernatant  (Fig.  la, 
middle  blot,  compare  second  lane  to  first  lane).  In  agreement 
with  the  data  obtained  for  Bcl-2,  addition  of  HA14-1 
similarly  resulted  in  an  increase  in  Bcl-x(L)  detected  in  the 
supernatant  fraction  (i.e.  less  binding  to  Bim-GST)  (Fig.  la, 
right  blot,  upper  panel).  However,  HA14-1  did  not  compete 
with  Bim-GST  for  binding  to  Bcl-w  as  evidenced  by  no 
change  in  the  amount  of  Bcl-w  detected  in  the  supernatant 
fraction  (i.e.  no  change  in  binding  to  Bim-GST)  (Fig.  la, 
right  blot,  lower  panel).  These  data  indicate  that  HA14-1 
competes  with  Bim  for  binding  to  the  hydrophobic  surface  of 
both  Bcl-2  and  Bcl-x(L),  elucidating  its  specificity  for  these 
proteins.  HA  14-1  did  not,  however,  affect  the  binding  of 
Bcl-w  to  Bim. 


(a)  IB:  Bcl-2  IB:  Bcl-2  IB  6X  His  Tag 

sup  a  sup  sup  «  <  Bcl-x(L) 

pellet  -m  mm  pellet  m^m  — •  sup  mm  <  Bcl-w 

Bim-GST  ♦  ♦  ♦  ♦  ♦ 

HA14-1  -  •  ♦  ♦ 


HA14-1  (uM) 

Fig.  1  The  BH3-domain  mimetic,  HA14-1,  antagonizes  Bcl-2  and 
Bcl-x(L)  and  induces  apoptosis  of  CGNs  in  a  dose-dependent  manner, 
(a)  50  ng  His-tagged  recombinant  Bcl-2  protein  was  incubated  in  the 
presence  or  absence  of  10  ng  recombinant  Bim-GST.  Glutathione- 
agarose  beads  were  used  to  pull  down  the  Bim-GST  (along  with  any 
protein  bound  to  it)  and  then  the  supernatant  was  removed.  Both 
supernatant  and  pellet  were  loaded  onto  a  12.5%  polyacrylamide  gel, 
transferred  to  a  PVDF  membrane,  and  blotted  for  Bcl-2  with  a  poly¬ 
clonal  antibody  (left  panel).  The  addition  of  500  pm  HA14-1  was  able  to 
compete  the  Bcl-2  off  of  the  Bim-GST  and  therefore  less  Bcl-2  was 
detected  in  the  pellet  and  more  in  the  supernatant  (middle  panel). 
His-tagged  recombinant  Bcl-x(L)  or  Bcl-w  (50  ng)  were  substituted  for 
Bcl-2  in  separate  experiments  to  determine  whether  HA14-1  could  spe¬ 
cifically  bind  either  of  these  other  pro-survival  Bcl-2  family  members. 
HA14-1  did  compete  Bcl-x(L)  off  of  the  Bim-GST  but  had  no  effect  on 
the  binding  of  Bcl-w  to  Bim  (right  panel).  The  data  shown  for  each  pro¬ 
survival  protein  are  representative  of  at  least  two  independent 
experiments  that  yielded  similar  results,  (b)  CGNs  were  incubated  for 
24  h  in  serum-free  culture  medium  containing  25  mM  KCI  (25K)  either 
in  the  absence  (control  condition)  or  presence  of  HA14-1  (15  pm).  After 
incubation,  CGNs  were  fixed  in  4%  paraformaldehyde  and  nuclei  were 
stained  with  Hoechst  dye.  Scale  bar,  10  pm.  A  large  proportion  of  the 
CGNs  exposed  to  HA14-1  were  apoptotic  as  indicated  by  their  con¬ 
densed  nuclei,  (c)  The  fraction  of  CGNs  scored  as  apoptotic  following 
a  24  h  incubation  with  varying  concentrations  of  HA14-1  was  quanti¬ 
fied  by  counting  ~250  CGNs  per  field  in  two  40  x  fields  per  condition. 
Values  represent  the  means  ±  SEM  for  three  independent  experi¬ 
ments,  each  performed  in  triplicate.  ‘Significantly  different  from  the 
control  (25K)  condition  (p  <  0.01). 
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We  next  evaluated  the  effects  of  the  Bcl-2/Bcl-x(L) 
antagonist,  HA14-1,  on  CGN  survival.  CGNs  cultured  in 
the  presence  of  a  depolarizing  concentration  (25  him)  of 
extracellular  potassium  (25K  or  control  conditions)  demon¬ 
strated  large  intact  nuclei,  as  detected  by  staining  with 
Hoechst  dye  (Fig.  lb,  left  panel).  Addition  of  the  Bcl-2/Bcl- 
x(L)  antagonist,  HA14-1  (15  pm),  to  25K  medium  for  24  h 
induced  striking  nuclear  condensation,  consistent  with  an 
apoptotic  mechanism  of  cell  death  (Fig.  lb,  right  panel). 
Quantitation  of  the  amount  of  apoptosis  observed  in  CGNs 
incubated  with  increasing  concentrations  of  FI  A 14-1  for  24  h 
revealed  a  dose-response  curve  with  no  significant  effect  at 
5  pM  and  approximately  75%  apoptosis  at  20  pM  of  the  drug 
(Fig.  lc).  The  extent  of  CGN  apoptosis  observed  with  20  pM 
HA  14-1  was  comparable  with  that  induced  by  the  removal  of 
depolarizing  potassium  (5K  condition)  for  24  h  (Linseman 
et  al.  2003). 

Sensitivity  to  HA14-1  toxicity  inversely  correlates  with 
cell  density-dependent  changes  in  pro-survival  Bcl-2 
family  member  expression 

To  verify  that  HA  14-1 -induced  CGN  death  was  dependent 
on  antagonism  of  Bcl-2/Bcl-x(L),  we  analyzed  the  dmg 
sensitivity  of  CGNs  culhired  at  different  cell  densities. 
Increasing  cell  density  has  previously  been  shown  to  enhance 
the  expression  of  Bcl-2  mRNA  and  protein  in  CGNs  (Ohga 
et  al.  1996).  Consistent  with  this,  increasing  the  plating 
density  of  CGNs  in  our  cultures  by  fourfold  produced 
substantial  increases  in  the  amounts  of  three  pro-survival 
Bcl-2  proteins  (Bcl-2,  Bcl-x(L),  and  Bcl-w),  detected  by 
immunoblotting  (Fig.  2a).  Moreover,  sensitivity  of  CGNs  to 
HA  14-1 -induced  apoptosis  was  inversely  correlated  with  cell 
density  and  pro-survival  Bcl-2  family  member  expression 
(i.e.  increasing  density  of  the  cell  culture  led  to  an  enhanced 
amount  of  the  pro-survival  Bcl-2  proteins,  and  consequently, 
decreased  sensitivity  to  HA14-1)  (Fig.  2b).  This  latter  result 
is  consistent  with  HA  14-1 -mediated  neuronal  death  being 
dependent  on  antagonism  of  endogenous  Bcl-2/Bcl-x(L) 
proteins. 

HA14-1  stimulates  activation  of  caspase  9  and  caspase  3 
Death  induced  by  a  Bcl-2/Bcl-x(L)  antagonist  can  occur  via 
activation  of  a  mitochondrial  apoptotic  pathway  (Wang  et  al. 
2000;  An  et  al.  2004).  Although  HA14-1  has  been  shown  to 
be  capable  of  inducing  death  in  a  caspase-independent 
manner  (Chen  et  al.  2002),  we  observed  a  caspase-dependent 
mechanism  of  cell  death  in  CGNs  treated  with  this  Bcl-2/Bcl- 
x(L)  inhibitor.  The  principal  downstream  effectors  of 
mitochondrial  apoptosis  are  the  intrinsic  initiator,  caspase  9, 
and  the  executioner,  caspase  3.  The  zymogen,  pro-caspase  9, 
is  activated  by  a  dATP-driven  association  with  apoptosis¬ 
activating  factor- 1  (Apaf-1)  and  cytochrome  c  released  from 
mitochondria.  These  molecules  combine  to  form  an  oligo¬ 
meric  apoptosome  structure  containing  the  active  protease 
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Fig.  2  The  apoptosis-inducing  effects  of  HA14-1  and  the  expression 
of  the  pro-survival  Bcl-2  family  members  are  cell  density-dependent, 
(a)  CGNs  were  plated  into  12-well  cluster  plates  at  the  following  cell 
densities  (cells/well):  1  x,  7.5  x  105  or  4  x,  3.0  x  106.  On  day  7  in  vitro, 
CGN  lysates  were  prepared,  equal  amounts  of  cell  protein  (80  pg) 
were  electrophoresed  through  12.5%  polyacrylamide  gels,  and  mem¬ 
branes  were  immunoblotted  (IB)  with  specific  antibodies  to  Bcl-2,  Bcl- 
x(L)  or  Bcl-w.  A  non-specific  (NS)  protein  band  that  was  detected  by 
the  Bcl-2  antibody  is  shown  as  a  loading  control,  (b)  CGN  cultures 
plated  as  described  in  (a)  were  incubated  for  24  h  with  15  pM  HA14-1 
and  apoptosis  was  quantitated  by  Hoechst  staining.  'Significantly 
different  from  the  1  x  plating  condition  (p  <  0.05,  unpaired  f-test).  Note 
that  CGNs  plated  at  the  higher  density  showed  greater  Bcl-2,  Bcl-x(L) 
and  Bcl-w  content  (a)  and  a  corresponding  lower  sensitivity  to  the  Bcl- 
2/Bcl-x(L)  antagonist  compound  (b). 

caspase  9  (Zou  et  al.  1999).  Active  caspase  9  subsequently 
cleaves  and  activates  the  executioner,  caspase  3,  leading  to 
the  proteolysis  of  critical  cell  proteins  and  ultimately  death 
(Kuida  et  al.  1998;  Slee  et  al.  1999).  Incubation  of  CGNs  for 
6  h  with  at  least  10  pM  HA  14-1  induced  a  marked  increase  in 
the  amounts  of  active  (cleaved)  caspase  9  detected  by 
immunoblotting  (Fig.  3a)  and  active  (cleaved)  caspase  3 
visualized  immunocytochemically  (Fig.  3b).  In  addition  to 
caspase  activation  and  chromatin  condensation,  CGNs 
exposed  to  HA  14-1  also  showed  significant  disruption  of 
the  microtubule  cytoskeletal  network  (Fig.  3b).  Thus,  antag¬ 
onism  of  Bcl-2/Bcl-x(L)  function  is  sufficient  to  trigger 
apoptosis  of  CGNs  maintained  in  depolarizing  medium  via 
the  activation  of  caspases  9  and  3. 

HA14-1  elicits  mitochondrial  membrane  depolarization, 
conformational  activation  of  Bax,  and  cytochrome  c 
release 

During  mitochondrial  apoptosis,  the  activation  of  caspase  9 
is  typically  preceded  by  several  Bcl-2-inhibited  mitochond¬ 
rial  events,  including  membrane  depolarization  (loss  of  Av|/m) 
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Fig.  3  HA14-1  elicits  activation  of  the  intrinsic  initiator,  caspase  9,  as 
well  as  the  executioner,  caspase  3.  (a)  CGNs  were  incubated  in 
control  depolarizing  (25K)  medium  containing  0,  5  or  10  pM  HA14-1  for 
6  h.  Detergent-soluble  CGN  lysates  were  harvested  and  equivalent 
amounts  of  cell  protein  were  subjected  to  SDS-PAGE  on  15%  poly¬ 
acrylamide  gels.  The  proteins  were  transferred  to  PVDF  membranes 
and  activation  of  caspase  9  was  assessed  by  immunoblotting  (IB)  with 
a  polyclonal  antibody  that  recognizes  only  the  active  or  cleaved  form  of 
caspase  9.  The  blot  shown  is  representative  of  results  obtained  from 
three  independent  experiments,  (b)  CGNs  were  incubated  for  6  h  in 
25K  medium  in  either  the  absence  (control)  or  presence  of  10  pM 
HA14-1.  Following  incubation,  cells  were  fixed  in  4%  paraformalde¬ 
hyde,  permeabilized  with  0.2%  Triton  X-100,  and  blocked  in  5%  BSA. 
(3-tubulin  and  active  (cleaved)  caspase  3  were  immunostained  by 
incubating  the  cells  with  a  monoclonal  antibody  to  tubulin  and  a 
polyclonal  antibody  that  specifically  recognizes  the  active  fragment  of 
caspase  3,  followed  by  FITC-conjugated  (green)  and  Cy3-conjugated 
(red)  secondary  antibodies,  respectively.  Nuclei  were  stained  with 
DAPI  (blue).  Fluorescent  images  were  captured  using  a  63  x  oil 
objective.  The  images  shown  are  representative  of  results  obtained 
from  three  separate  experiments.  Scale  bar,  10  pm.  Arrows  point  to 
neurons  that  were  immunoreactive  for  active  caspase  3.  Note  the 
fragmented  microtubule  processes  and  the  condensed  nuclei  in  the 
HA14-1  condition,  characteristic  of  apoptotic  cell  death. 

(Dispersyn  et  al.  1999),  conformational  activation  and 
translocation  of  Bax  (Murphy  et  al.  2000),  and  cytochrome  c 
release  (Yang  et  al.  1997).  Therefore,  we  next  examined  the 


effects  of  HA  14-1  on  each  of  these  mitochondrial  events  in 
CGNs.  Live  CGNs  maintained  in  25K  control  conditions 
showed  healthy  large  nuclei  and  extensive  mitochondrial 
labeling  with  the  cationic  dye,  tetramethylrhodamine  ethyl 
ester  (TMRE),  consistent  with  an  intact  mitochondrial 
membrane  potential  (Fig.  4a,  left  panel).  After  6  h  of 
incubation  with  FLA14-1,  CGNs  displayed  condensed  nuclei 
and  a  nearly  complete  loss  of  TMRE,  indicative  of  mitoch¬ 
ondrial  membrane  depolarization  (Fig.  4a,  right  panel). 
Moreover,  CGNs  incubated  in  control  medium  showed  no 
detectable  active  Bax  after  staining  with  an  antibody  that 
specifically  recognizes  the  active  confonnation  of  the  protein 
(Fig.  4b,  left  panel).  However,  cells  incubated  with  HA14-1 
demonstrated  substantial  active  Bax  immunoreactivity  that 
was  localized  predominantly  in  a  perinuclear  distribution 
consistent  with  mitochondria  (Fig.  4b,  right  panel,  see 
arrows).  Finally,  control  CGNs  stained  for  cytochrome  c 
displayed  a  punctate  mitochondrial  distribution  of  the  protein 
(Fig.  4c,  left  panel).  In  contrast,  CGNs  exposed  to  HA14-1 
showed  a  marked  re-localization  of  cytochrome  c  to  a  diffuse 
distribution  over  the  majority  of  the  cell  body,  indicative  of 
release  from  mitochondria  (Fig.  4c,  right  panel).  Collec¬ 
tively,  these  data  show  that  antagonism  of  Bcl-2/Bcl-x(L) 
function  in  CGNs  promotes  a  rapid  loss  of  Av|/m,  Bax 
activation,  and  cytochrome  c  release,  ultimately  leading  to 
caspases  9  and  3  activation  and  apoptotic  cell  death. 

CGN  apoptosis  induced  by  HA14-1  is  Bim  independent 

To  clearly  dissociate  CGN  apoptosis  induced  by  the  Bcl-2/ 
Bcl-x(L)  antagonist,  HA14-1,  from  Bim-dependent  death,  we 
measured  expression  of  the  Bim  protein  by  western  blotting 
(Linseman  et  al.  2002).  CGNs  incubated  for  6  h  in  depolar¬ 
izing  medium  containing  up  to  15  (im  HA  14-1  showed  no 
significant  increase  in  the  level  of  Bim  protein,  whereas  cells 
deprived  of  depolarizing  potassium  (5K  condition)  for  6  h 
displayed  a  striking  increase  in  Bim  expression  (Fig.  5a).  To 
further  exclude  any  role  for  Bim  in  CGN  apoptosis  induced 
by  the  small  molecule  Bcl-2/Bcl-x(L)  antagonist,  next  we 
evaluated  the  effects  of  two  distinct  negative  regulators  of 
Bim  transcription  on  HA  14-1 -stimulated  cell  death.  First,  the 
forkhead  family  transcription  factor,  FKHRL1  or  FOX03a, 
directly  stimulates  the  Bim  promoter  in  both  hematopoietic 
cells  and  neurons  (Dijkers  et  al.  2000;  Gilley  et  al.  2003). 
We  have  recently  shown  that  insulin-like  growth  factor-I 
(IGF-I)  protects  CGNs  from  5K-induced  apoptosis  by 
stimulating  an  AKT-mediated  phosphorylation  of  FKHRL1, 
resulting  in  its  exclusion  from  the  nucleus  and  suppression  of 
Bim  transcription  (Linseman  et  al.  2002).  In  agreement  with 
the  Bcl-2/Bcl-x(L)  antagonist  compound  triggering  Bim- 
independent  cell  death,  inclusion  of  IGF-I  had  no  effect  on 
HA  14-1 -induced  death,  whereas  it  significantly  inhibited 
CGN  apoptosis  in  non-depolarizing  medium  (Fig.  5b).  In 
addition  to  FKHRL1,  the  c -jun  transcription  factor  is  also  a 
potent  activator  of  the  Bim  promoter  in  neurons  and  this 
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effect  is  blunted  by  both  dominant-negative  mutants  of  c-jun 
and  inhibitors  of  the  upstream  kinase  JNK  (Harris  and 
Johnson  2001;  Whitfield  et  al.  2001).  The  pyridinyl  imidaz¬ 
ole  compound,  SB203580,  was  originally  described  as  a 
selective  inhibitor  of  p38  MAP  kinase  but  has  recently  been 
shown  to  also  block  the  activities  of  some  neuronal  isoforms 
of  JNK  (Coffey  et  al.  2002).  Consequently,  SB203580 
suppresses  Bim  induction  in  CGNs  undergoing  5K-induced 
apoptosis  (Linseman  et  al.  2002).  Like  IGF-I,  inclusion  of 
SB203580  had  no  effect  on  CGN  apoptosis  induced  by 
HA  14-1  while  it  significantly  protected  cells  from  death  in 
5K  medium  (Fig.  5c).  These  results  demonstrate  that  Bim  is 
not  involved  in  CGN  apoptosis  induced  by  the  Bcl-2/Bcl-x(L) 
antagonist,  HA  14-1. 

The  GSH  precursor,  NAC,  attenuates  each  step  of  the 
mitochondrial  apoptotic  cascade  triggered  by  HA14-1 

To  further  examine  the  mechanism  of  neuronal  death  induced 
by  HA  14-1,  we  focused  on  one  of  the  initial  mitochondrial 
events  stimulated  by  antagonism  of  Bcl-2/Bcl-x(L), 
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Cytochrome  c 


mitochondrial  membrane  depolarization  (see  Fig.  4a).  Previ¬ 
ously,  we  showed  that  mitochondrial  membrane  depolariza¬ 
tion  elicited  by  withdrawal  of  extracellular  depolarizing 
potassium  from  CGNs  occurs  in  conjunction  with  significant 
mitochondrial  swelling  (Linseman  et  al.  2002).  Moreover, 
both  the  mitochondrial  depolarization  and  swelling  induced 
in  5K  medium  are  prevented  by  cyclosporin  A  (Precht  et  al. 
2005),  an  inhibitor  of  the  mitochondrial  permeability  trans¬ 
ition  pore  (mPTP)  (Waldmeier  et  al.  2003).  In  contrast, 
swollen  mitochondria  were  not  observed  in  CGNs  exposed  to 
HA  14-1  and  mitochondrial  depolarization  induced  by  the 
Bcl-2/Bcl-x(L)  antagonist  was  not  prevented  by  cyclospo¬ 
rin  A  (data  not  shown).  Thus,  as  opposed  to  opening  of 
the  cyclosporin  A-sensitive  mPTP  under  non-depolarizing 


Fig.  4  HA14-1  triggers  mitochondrial  membrane  depolarization,  con¬ 
formational  activation  of  Bax,  and  release  of  cytochrome  c.  (a)  CGNs 
were  grown  on  glass  coverslips  and  incubated  for  6  h  in  depolarizing 
(25K)  medium  either  in  the  absence  (control)  or  in  the  presence  of 
10  pM  HA14-1.  At  30  min  prior  to  the  end  of  the  incubation  period, 
TMRE  (500  om)  and  Hoechst  were  added  directly  to  the  cells.  After 
incubation,  the  coverslips  were  inverted  onto  slides  into  a  small  vol¬ 
ume  of  phenol  red-free  medium  containing  depolarizing  potassium  and 
TMRE  (500  nM).  Live  cells  were  then  imaged  under  a  100  x  oil 
objective.  Nuclear  staining  with  Hoechst  is  shown  in  blue;  TMRE  is 
shown  in  red.  Scale  bar,  10  pm.  In  the  control  condition,  CGNs 
exhibited  many  mitochondria  stained  intensely  with  TMRE,  indicative 
of  an  intact  mitochondrial  membrane  potential.  In  contrast,  CGNs 
incubated  in  the  presence  of  10  pM  HA14-1  showed  very  little 
detectable  mitochondrial  TMRE  staining,  corresponding  to  a  loss  of 
mitochondrial  membrane  potential  or  depolarization.  The  images 
shown  were  acquired  at  equal  exposure  times  for  TMRE  fluorescence 
and  are  representative  of  results  obtained  from  three  independent 
experiments,  each  performed  in  triplicate,  (b)  CGNs  were  incubated 
for  6  h  exactly  as  described  in  (a).  Following  incubation,  cells  were 
fixed  in  4%  paraformaldehyde,  permeabilized  with  0.2%  Triton  X-100, 
and  blocked  in  5%  BSA.  Active  Bax  was  detected  immunocytochem- 
ically  by  incubating  the  cells  with  a  monoclonal  antibody  that  specif¬ 
ically  recognizes  the  conformationally  active  form  of  Bax  (clone  6A7), 
followed  by  a  FITC-conjugated  secondary  antibody  (green).  Nuclei 
were  stained  with  DAPI  (blue).  The  actin  cytoskeleton  was  stained  with 
rhodamine-phalloidin  (red).  Fluorescent  images  were  captured  using  a 
63  x  oil  objective.  The  images  shown  are  representative  of  results 
obtained  in  three  independent  experiments.  Arrows  identify  cells  that 
were  immunoreactive  for  active  Bax.  Scale  bar,  10  pm.  (c)  CGNs  were 
incubated  as  described  in  (a).  Cytochrome  c  was  localized  by  incu¬ 
bating  cells  with  a  polyclonal  antibody  to  cytochrome  c  and  a  Cy3- 
conjugated  secondary  antibody  (red).  Microtubule  processes  were 
stained  with  a  monoclonal  antibody  to  tubulin  and  a  FITC-conjugated 
secondary  antibody  (green).  Nuclei  were  stained  with  DAPI  (blue). 
Images  were  captured  using  a  63  x  oil  objective.  The  images  shown 
are  representative  of  results  obtained  in  three  separate  experiments. 
Scale  bar,  10  pm.  CGNs  in  the  control  condition  exhibited  intense 
cytochrome  c  staining  in  the  perinuclear  region  consistent  with  local¬ 
ization  to  mitochondria.  Whereas,  CGNs  incubated  with  HA14-1 
showed  a  substantial  redistribution  of  cytochrome  c  to  a  diffuse 
localization  over  the  entire  cell  body. 
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Fig.  5  CGN  apoptosis  induced  by  HA14-1  is  Bim-independent.  (a) 
CGNs  were  incubated  for  6  h  in  either  depolarizing  (25K)  medium 
containing  0,  10  or  15  pM  HA14-1  or  in  medium  lacking  depolarizing 
potassium  (5K).  Detergent-soluble  cell  lysates  were  subjected  to 
SDS-PAGE  on  15%  polyacrylamide  gels,  and  the  proteins  were 
transferred  to  PVDF  membranes.  Induction  of  Bim  was  assessed  by 
immunoblotting  (IB)  with  a  polyclonal  antibody  that  recognizes  the 
short  isoform  of  Bim  (Bims).  The  blot  shown  is  indicative  of  results 
from  three  independent  experiments.  Bim  expression  was  markedly 
induced  in  the  5K  condition,  but  not  in  the  presence  of  HA14-1.  A  non¬ 
specific  (NS)  protein  band  that  was  detected  by  the  antibody  is  shown 
as  a  loading  control,  (b)  The  percentage  of  CGNs  that  were  scored  as 
apoptotic  following  incubation  for  24  h  in  either  25K  medium  contain¬ 
ing  0,  10,  15  or  20  pM  HA14-1  or  in  5K  medium,  with  each  treat¬ 
ment  ±  IGF-I  (200  ng/mL),  was  quantified  by  counting  ~250  CGNs 
per  field  in  two  fields  per  condition.  Values  represent  the  mean- 
s  ±  SEM  for  three  independent  experiments,  each  performed  in  trip¬ 
licate.  'Significantly  different  from  the  same  condition  in  the  absence 
of  IGF-I  (p  <  0.01 ).  (c)  The  percentage  of  CGNs  that  were  identified  as 
apoptotic  under  the  conditions  described  in  (b)  above,  but  with  each 
treatment  ±  SB203580  (SB;  20  pM),  was  quantified  as  described  in 
(b).  'Significantly  different  from  the  same  condition  in  the  absence  of 
SB  (p  <0.01). 

conditions,  mitochondrial  depolarization  induced  by  HA  14-1 
occurs  via  a  distinct  mechanism. 

In  addition  to  the  mPTP,  there  exists  a  low-conductance 
mitochondrial  membrane  channel  that,  when  opened, 


similarly  leads  to  mitochondrial  depolarization.  However, 
unlike  the  mPTP,  mitochondrial  depolarization  activated  by 
this  channel  is  insensitive  to  cyclosporin  A  and  occurs  in  the 
absence  of  significant  mitochondrial  swelling  (Scanlon  and 
Reynolds  1998;  Kushnareva  and  Sokolove  2000).  Moreover, 
the  low  conductance  channel  is  robustly  activated  by 
oxidative  stress  and  is  potently  inhibited  by  antioxidants 
including  NAC  (Scanlon  and  Reynolds  1998;  Mukherjee 
et  al.  2002).  Bcl-2  is  known  to  regulate  the  redox  status  of 
cells  (reviewed  in  Voehringer  and  Meyn  2000).  The  best 
evidence  for  this  comes  from  the  observation  of  enhanced 
susceptibility  to  oxidative  stress  in  the  brains  of  Bcl-2  knock¬ 
out  mice  (Hochman  et  al.  1998).  These  mice  demonstrate 
substantial  alterations  in  their  antioxidant  enzyme  profiles 
and,  in  particular,  show  significant  changes  in  the  expression 
of  enzymes  that  regulate  the  GSH  content  of  the  cell 
(Hochman  et  al.  1998).  Given  this  apparent  connection 
between  Bcl-2  function  and  cellular  GSH  content,  we 
hypothesized  that  the  mitochondrial  depolarization  observed 
with  HA14-1  was  triggered  by  oxidative  stress-dependent 
opening  of  a  low  conductance  mitochondrial  membrane 
channel.  In  support  of  this,  co-incubation  of  CGNs  with 
HA14-1  and  NAC  (an  antioxidant  and  GSH  precursor) 
largely  prevented  the  mitochondrial  depolarization  induced 
by  the  Bcl-2/Bcl-x(L)  antagonist  alone  (Fig.  6a).  In  agree¬ 
ment  with  mitochondrial  depolarization  being  an  initiating 
signal  for  cell  death,  inclusion  of  NAC  also  significantly 
attenuated  HA  14-1 -stimulated  Bax  activation,  cytochrome  c 
release,  and  caspase  activation  (Figs  6b-d).  These  data 
suggest  that  antagonism  of  Bcl-2/Bcl-x(L)  with  HA14-1 
compromises  the  GSH  status  of  CGNs,  leading  to  oxidative 
stress-dependent  opening  of  a  low-conductance  channel  in 
the  mitochondrial  membrane.  Opening  of  this  channel 
subsequently  leads  to  loss  of  the  mitochondrial  membrane 
potential,  resulting  in  Bax  activation  and  initiation  of  a 
mitochondrial  apoptotic  cascade. 

To  further  establish  that  HA  14-1  induces  apoptosis  in  an 
oxidative  stress-dependent  manner,  we  examined  levels  of 
Bcl-2,  Bcl-x(L),  and  Bcl-w  proteins  in  neurons  treated  with 
HA  14-1  versus  control  conditions  because  reactive  oxygen 
species  have  been  shown  to  decrease  the  expression  of  pro¬ 
survival  Bcl-2  family  members  (Hildeman  et  al.  2003;  Li 
et  al.  2004).  Bcl-2  and  Bcl-x(L),  but  not  Bcl-w,  were 
substantially  down-regulated  as  a  result  of  incubating  the 
cells  with  HA14-1  (Fig.  6e).  These  results  add  further 
support  that  addition  of  the  Bcl-2/Bcl-x(L)  inhibitor  induces 
CGN  apoptosis  via  an  oxidative  stress-dependent  mechan¬ 
ism. 

Differential  effects  of  antioxidants  on  CGN  apoptosis 
induced  by  HA14-1  or  removal  of  depolarizing  potassium 

Consistent  with  the  oxidative  stress-dependent  pathway 
described  above,  co-incubation  of  CGNs  with  HA14-1  and 
either  NAC  or  a  cell-permeable  monoethyl  ester  of  GSH 
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significantly  inhibited  apoptosis  induced  by  the  Bcl-2/Bcl- 
x(L)  antagonist  (Figs  7a  and  b).  In  accord  with  NAC  acting 
primarily  as  a  GSFI  precursor,  NAC  (10  mM)  had  only  a 
partial  protective  effect  at  all  concentrations  of  HA  14-1 
tested  (Fig.  7a).  In  comparison,  GSH  (2  mM)  was  much  more 
potent  than  NAC  and  gave  complete  protection  from  10  or 
1 5  (im  HA  14-1  and  nearly  full  protection  from  20  (im  HA  14-1 
(Fig.  7b).  When  the  effects  of  these  antioxidants  were 
assessed  on  CGN  apoptosis  induced  by  removal  of  the 
depolarization  stimulus  (Bim-dependent  death),  neither  NAC 
nor  GSH  offered  any  significant  protection  in  non-depolar¬ 
izing  (5K)  medium  (Figs  7a  and  b).  Bright-field  (DIC) 


Fig.  6  The  glutathione  precursor,  W-acetyl-L-cysteine  (NAC),  protects 
CGNs  from  HA1 4-1 -induced,  oxidative  stress-dependent  apoptosis  by 
inhibiting  each  step  in  the  intrinsic  death  pathway,  (a)  CGNs  were 
grown  on  glass  coverslips  and  incubated  for  6  h  in  depolarizing  (25K) 
medium  either  alone  (control  condition)  or  in  the  presence  of  HA14-1 
(10  (im)  ±  NAC  (10  mM).  At  30  min  before  the  end  of  the  incubation 
period,  TMRE  (500  om)  and  Hoechst  were  added  directly  to  the  cells. 
After  incubation,  the  coverslips  were  inverted  onto  slides  into  a  small 
volume  of  phenol  red-free  medium  containing  depolarizing  potassium 
and  TMRE  (500  niui).  Living  cells  were  then  imaged  under  a  100  x  oil 
objective.  Nuclear  staining  with  Hoechst  is  shown  in  blue;  TMRE  is 
shown  in  red.  Scale  bar,  10  pm.  The  mitochondrial  depolarization 
induced  by  HA14-1,  indicated  by  a  loss  of  TMRE  fluorescence,  was 
prevented  by  inclusion  of  NAC.  (b)  CGNs  were  incubated  as  described 
in  (a).  Following  incubation,  cells  were  fixed  in  4%  paraformaldehyde, 
permeabilized  with  0.2%  Triton  X-100,  and  blocked  in  5%  BSA.  Active 
Bax  was  immunocytochemically  identified  by  incubating  the  cells  with 
a  monoclonal  antibody  to  the  conformationally  active  form  of  Bax 
(6A7),  followed  by  a  FITC-conjugated  secondary  antibody  (green). 
Nuclei  were  stained  with  DAPI  (blue).  Fluorescent  images  were  cap¬ 
tured  using  a  63  x  oil  objective.  The  images  shown  are  representative 
of  results  obtained  in  three  independent  experiments.  Scale  bar, 
10  pm.  The  increase  in  conformationally  active  Bax  induced  by 
HA14-1  was  blocked  by  NAC.  (c)  CGNs  were  incubated  as  described 
in  (a).  Cytochrome  cwas  localized  by  incubating  cells  with  a  polyclonal 
antibody  to  cytochrome  c  and  a  Cy3-conjugated  secondary  antibody 
(red),  while  microtubules  were  stained  with  a  monoclonal  antibody  to 
tubulin  and  a  FITC-conjugated  secondary  antibody  (green).  Nuclei 
were  stained  with  DAPI  (blue).  Fluorescent  images  were  captured 
using  a  63  x  oil  objective.  The  images  shown  are  representative  of 
results  obtained  in  three  independent  experiments.  Scale  bar,  10  pm. 
Cytochrome  c  release  and  microtubule  disruption  induced  by  HA14-1 
were  significantly  inhibited  by  the  addition  of  NAC.  (d)  CGNs  were 
incubated  as  described  in  (a).  Detergent-soluble  cell  lysates  were 
harvested  and  subjected  to  SDS-PAGE  on  15%  polyacrylamide  gels, 
and  the  proteins  were  transferred  to  PVDF  membranes.  Activation  of 
caspase  9  and  caspase  3  was  assessed  by  immunoblotting  (IB)  with 
specific  polyclonal  antibodies  that  recognize  only  the  active  (cleaved) 
forms  of  the  enzymes.  The  blots  shown  are  representative  of  results 
from  three  independent  experiments.  The  activation  of  both  caspase  9 
and  caspase  3  induced  by  HA14-1  was  attenuated  by  inclusion  of 
NAC.  (e)  CGNs  were  treated  with  either  0  or  15  pM  HA14-1  for  24  h 
and  cell  lysates  were  resolved  on  a  12.5%  polyacrylamide  gel,  trans¬ 
ferred  to  a  PVDF  membrane  and  blotted  with  polyclonal  antibodies  to 
Bcl-2,  Bcl-x(L)  or  Bcl-w.  Expression  of  Bcl-2  and  Bcl-x(L)  was  down- 
regulated  as  a  result  of  treatment  with  HA14-1. 

images  of  CGNs  incubated  for  24  h  with  either  HA14-1 
(20  |iM)  or  5K  medium  in  the  absence  or  presence  of  GSH 
are  shown  in  Fig.  7(c).  In  the  absence  of  GSH,  both  HA14-1 
and  5K  conditions  induced  massive  CGN  death  compared 
with  the  25K  control  (upper  panels).  However,  in  the 
presence  of  GSH,  CGNs  exposed  to  HA  14-1  looked 
remarkably  like  control  cells,  whereas  those  incubated  in 
5K  medium  still  underwent  severe  apoptosis  (lower  panels). 
These  findings  illustrate  a  marked  difference  in  the  mechan¬ 
ism  of  CGN  death  induced  by  Bcl-2/Bcl-x(L)  antagonism 
(oxidative  stress-dependent  apoptosis)  as  compared  with  the 
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Fig.  7  The  Bim-dependent  apoptosis  of  CGNs  induced  by  removal  of 
depolarizing  potassium  is  insensitive  to  antioxidants,  (a)  The  fraction 
of  CGNs  that  underwent  apoptosis  following  incubation  for  24  h  in 
either  depolarizing  (25K)  medium  containing  0,  10,  15  or  20  pM 
HA14-1  or  non-depolarizing  (5K)  medium,  ±NAC  (10  mu),  is  shown. 
CGN  apoptosis  in  each  condition  was  quantified  by  counting 
~250  cells  per  field  in  two  40  x  fields  per  condition.  Values  represent 
the  means  ±  SEM  for  three  independent  experiments,  each  performed 
in  triplicate.  'Significantly  different  from  the  same  treatment  in  the 
absence  of  NAC  (p  <  0.01).  NAC  inhibited  apoptosis  of  CGNs  treated 
with  HA14-1,  but  did  not  protect  CGNs  from  5K-induced  apoptosis,  (b) 
Cells  were  incubated  as  described  in  (a),  except  ±  glutathione  (GSH; 

Bim-mediated  (oxidative  stress-independent)  cell  death  eli¬ 
cited  in  non-depolarizing  medium. 

Inhibition  of  pro-survival  Bcl-2  family  proteins  by  two 
approaches  distinct  from  HAI4-1  mimic  the  oxidative 
stress-dependent  apoptotic  pathway 
The  addition  of  a  structurally  distinct  Bcl-2/Bcl-x(L)  antag¬ 
onist,  compound  6,  that  also  binds  the  hydrophobic  surface 
pocket  of  Bcl-2  and  Bcl-x(L)  with  micromolar  affinity 


2  mM)  rather  than  NAC.  Values  represent  the  means  ±  SEM  for  three 
independent  experiments,  each  performed  in  triplicate.  'Significantly 
different  from  the  same  condition  in  the  absence  of  GSH  (p  <0.01). 
GSH  protected  CGNs  from  apoptosis  induced  by  HA14-1  but  not  from 
the  removal  of  depolarizing  potassium  (5K).  (c)  Bright-field  images  of 
live  CGNs  incubated  for  24  h  in  either  25K  alone  (control),  25K  con¬ 
taining  10  pM  HA14-1,  or  5K.  Cells  were  imaged  both  in  the  absence 
and  presence  of  2  miui  GSH.  Living  cells  were  imaged  under  a 
63  x  water  objective  with  differential  interference  contrast  (DIC) 
microscopy.  Inclusion  of  GSH  protected  cells  from  apoptosis  in  the 
HA14-1  condition,  but  had  no  protective  effect  on  CGNs  in  the  5K 
condition.  Scale  bar,  10  pM. 

(Enyedy  et  al.  2001),  induced  marked  CGN  apoptosis  that 
was  significantly  inhibited  by  co-incubation  with  GSH 
(Figs  8a  and  b).  Figure  8(b)  shows  bright-field  images  of 
CGNs  that  were  incubated  for  24  h  in  either  control 
conditions  (25K-serum)  or  in  the  presence  of  75  pM 
compound  6.  The  left  panels  show  the  effect  of  the  Bcl-2/ 
Bcl-x(L)  inhibitor  in  CGNs  without  the  addition  of  an 
antioxidant,  while  the  right  panels  reveal  the  protective 
effects  of  2  mM  GSH  on  compound  6-induced  apoptosis. 
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(a) 


Fig.  8  Distinct  inhibitors  of  the  pro-survival  Bcl-2  family  members 
induce  apoptosis  in  an  oxidative  stress-dependent  manner,  (a) 
Compound  6,  a  Bcl-2/Bcl-x(L)  inhibitor,  was  added  to  CGNs  at  vary¬ 
ing  pM  concentrations  (0,  25,  50  or  75)  in  either  the  presence  or 
absence  of  the  antioxidant  glutathione  (2  m«).  Compound  6-induced 
apoptosis  was  significantly  inhibited  by  GSH  at  all  concentrations 
tested.  Values  represent  the  means  ±  SEM  for  three  independent 
experiments.  'Significantly  different  from  the  same  condition  in  the 
absence  of  GSH  (p  <  0.01).  (b)  Bright-field  (DIC)  images  of  CGNs  in 
control  conditions  (25K-serum)  or  in  the  presence  of  75  pM  com¬ 
pound  6  (Bcl-2/Bcl-x(L)  inhibitor)  ±2mu  GSH.  (c)  CGNs  treated  with 
FITC-labeled  Bcl-2  antisense  oligos  ±  2  miui  GSH  were  stained  with 
Hoechst  dye  (nuclear  stain).  Arrows  indicate  FITC-antisense  (as)- 
positive  cells.  Note  the  highly  condensed  and  fragmented  nuclei  in  the 
-GSH  condition  and  the  much  less  condensed  and  intact  nuclei  in  the 
protective  +GSH  condition.  Each  panel  represents  a  composite  of 
approximately  five  different  fields  of  antisense-positive  CGNs.  The 
images  shown  are  indicative  of  two  independent  experiments  that 
yielded  similar  results. 


Thus,  two  structurally  dissimilar  Bcl-2/Bcl-x(L)  inhibitors, 
HA  14-1  and  compound  6,  each  elicit  GSH-sensitive  CGN 
apoptosis. 

In  addition  to  small  molecule  inhibitors,  we  also  utilized 
cell-permeable  phosphorothioate,  FITC-labeled  Bcl-2  anti- 
sense  oligonucleotides  as  a  tool  to  antagonize  Bcl-2  function. 
CGNs  incubated  with  Bcl-2  antisense  oligos  for  24  h 
(indicated  by  the  FITC  label)  underwent  significant  apoptosis 
characterized  by  striking  chromatin  condensation  and  frag¬ 
mentation  (Fig.  8c,  upper  panels).  No  significant  apoptosis 
was  observed  with  a  negative  control  oligo  (data  not  shown). 
Inclusion  of  2  mM  GSH  during  the  Bcl-2  antisense  incuba¬ 
tion  resulted  in  partial  protection  of  the  CGNs  (Fig.  8c,  lower 
panels).  While  some  nuclear  condensation  was  detectable  in 
Bcl-2  antisense-positive  CGNs  incubated  with  GSH,  it 
wasn’t  nearly  as  extensive  as  that  observed  in  neurons 
exposed  to  the  antisense  alone.  Moreover,  nuclear  fragmen¬ 
tation  was  almost  never  observed  in  Bcl-2  antisense-treated 
CGNs  incubated  in  the  presence  of  GSH,  whereas  it  was 
prominent  in  the  absence  of  GSH.  The  oxidative-stress 
dependent  nature  of  CGN  apoptosis  induced  by  inhibition  of 
Bcl-2  and/or  Bcl-x(L)  function  is  evidenced  by  the  use  of 
three  different  approaches  to  antagonize  these  pro-survival 
proteins. 

CGN  apoptosis  induced  by  overexpression  of  a  GFP-Bim 
fusion  protein  is  insensitive  to  antioxidants 

We  have  shown  that  CGN  apoptosis  induced  by  removal 
of  depolarizing  extracellular  potassium  is  insensitive  to 
the  antioxidants,  NAC  and  GSH  (see  Fig.  7).  Because 
5K-induced  CGN  apoptosis  requires  induction  of  the  BH3- 
only  protein  Bim  (Harris  and  Johnson  2001;  Linseman  et  al. 
2002),  these  data  suggest  a  dissociation  of  Bcl-2/Bcl-x(L) 
antagonism  and  Bim-dependent  apoptosis.  However,  CGN 
apoptosis  elicited  by  potassium  deprivation  is  complex  and 
involves  many  pathways  in  addition  to  Bim  induction 
(Vaudry  et  al.  2003).  To  definitively  establish  the  antioxidant 
resistance  of  Bim-mediated  death,  we  analyzed  the  effects  of 
NAC  and  GSH  on  CGN  apoptosis  induced  by  overexpres¬ 
sion  of  a  GFP-Bim  fusion  protein.  These  experiments  were 
carried  out  in  CGNs  maintained  in  depolarizing  (25K) 
medium  to  limit  the  contributions  of  other  potential  pro- 
apoptotic  signals.  Briefly,  cells  were  transfected  via  a  helium- 
powered  gene  gun  with  plasmid-coated  gold  particles 
containing  cDNA  for  either  GFP  alone  or  GFP-Bim. 
Immediately  after  transfection,  CGNs  were  returned  to  the 
incubator  for  24  h  in  25K  medium  alone  or  containing  either 
10  mM  NAC  or  2  mM  GSH.  Following  incubation,  nuclei 
were  stained  with  Hoechst  dye  and  apoptosis  was  assessed  in 
GFP-positive  cells  by  fluorescence  microscopy.  As  shown  in 
Fig.  9,  cells  transfected  with  GFP  alone  were  healthy, 
whereas  CGNs  expressing  the  GFP-Bim  fusion  protein 
displayed  apoptotic  nuclear  morphology  (upper  panels). 
Note  that  untransfected  cells  remained  healthy  in  either 
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condition.  Similar  to  the  antioxidant  insensitivity  of  5K- 
induced  death  discussed  above,  CGN  apoptosis  evoked  by 
the  overexpression  of  GFP-Bim  was  not  inhibited  by 
incubation  with  either  NAC  or  GSH  (lower  panels).  When 
the  apoptosis  of  GFP-Bim-expressing  CGNs  was  quantified 
at  24  h  post-transfection,  greater  than  95%  of  the  Bim- 
positive  cells  were  apoptotic  regardless  of  whether  they  were 
incubated  in  25K  medium  alone  or  containing  antioxidants. 
Thus,  CGN  apoptosis  induced  by  the  overexpression  of  Bim 
occurs  by  a  different  mechanism  than  that  elicited  by 
antagonists  of  Bcl-2/Bcl-x(L)  function. 


*  ^ 


GFP-Bim 

+NAC 


-  ^ 


GFP-Bim 

+GSH 


*’  * 


Fig.  9  CGNs  transfected  with  GFP-Bim  undergo  apoptosis  that  is 
resistant  to  antioxidants.  CGNs  were  transiently  tranfected  using  the 
Helios  Gene-Gun  system,  as  described  in  Experimental  procedures. 
Briefly,  CGNs  to  be  transfected  were  seeded  at  a  density  of 
8  x  1 0s  cells/well  on  polyethyleneimine-coated  glass  coverslips  in  24- 
well  plates.  After  5  days  in  culture,  the  medium  was  removed  from  the 
wells  and  the  cells  were  shot  with  plasmid-coated  gold  beads  (0.6  pm 
diameter)  containing  cDNA  for  either  GFP-Bim  or  GFP  alone  as  a 
control.  CGNs  were  shot  with  a  burst  of  ~100  p.s.i.  helium  through  a 
40-pm  nylon  mesh  placed  over  the  well.  Depolarizing  (25K)  medium, 
either  alone  or  containing  NAC  (10  miui)  or  GSH  (2  itim),  was  imme¬ 
diately  replaced  and  cells  were  incubated  for  an  additional  24  h  before 
image  analysis.  Following  incubation,  CGNs  were  fixed  in  4%  para¬ 
formaldehyde  and  nuclei  were  stained  with  Hoechst  dye  (blue).  CGNs 
in  the  control  condition  (transfected  with  GFP  alone)  remained  healthy 
after  the  24  h  incubation  period,  while  CGNs  tranfected  with  GFP-Bim 
uniformly  underwent  apoptosis  (upper  panels).  The  addition  of  either 
NAC  or  GSH  had  no  discernible  protective  effect  on  CGN  apoptosis 
induced  by  expression  of  the  GFP-Bim  fusion  protein  (lower  panels). 
Images  shown  are  composites  of  several  fields  as  so  few  cells  (<  1% 
of  the  cell  culture)  were  actually  transfected  using  the  gene  gun 
method.  The  images  are  representative  of  transfected  cells  from  three 
independent  experiments.  Scale  bar,  10  pm.  Note  that  non-trans- 
fected  cells  in  the  GFP-Bim  panels  remained  healthy. 


Discussion 

The  principal  aim  of  the  current  study  was  to  determine  if  the 
BF13-only  protein,  Bim,  promotes  CGN  apoptosis  by  directly 
antagonizing  pro-survival  Bcl-2  family  members.  To  exam¬ 
ine  this  question,  we  first  elucidated  the  specificity  and 
mechanism  of  neuronal  death  induced  by  the  small  molecule 
Bcl-2/Bcl-x(L)  antagonist,  ITA14-1,  and  then  contrasted  it  to 
two  models  of  Bim-dependent  CGN  apoptosis.  In  an  in  vitro 
binding  assay,  HA  14-1  competed  with  a  Bim-GST  fusion 
protein  for  binding  to  Bcl-2  and  Bcl-x(L),  but  not  Bcl-w. 
Although  each  of  these  pro-survival  proteins  have  a  highly 
conserved  hydrophobic  surface  pocket  that  binds  BH3 
domain  proteins,  and  therefore  should  bind  HA14-1,  a 
unique  C-terminal  alpha  helix  blocks  this  surface  pocket  in 
the  native  conformation  of  the  Bcl-w  protein  (Hinds  et  al. 
2003).  This  intramolecular  interaction  apparently  interferes 
with  the  ability  of  HA14-1  to  access  its  binding  site  on  the 
Bcl-w  protein.  Thus,  we  observed  specificity  of  HA  14-1  for 
antagonizing  Bcl-2  and  Bcl-x(L). 

HA14-1  provoked  Bim-independent  CGN  apoptosis  that 
was  characterized  by  mitochondrial  membrane  depolariza¬ 
tion,  conformational  activation  of  Bax,  cytochrome  c  release, 
proteolytic  cleavage  of  caspases  9  and  3,  and  chromatin 
condensation.  Consistent  with  an  oxidative  stress-dependent 
mechanism  of  cell  death,  as  was  recently  reported  for  HA  14- 
1  treatment  of  HL-60  cells  (An  et  al.  2004),  all  of  the  above 
events  observed  in  CGNs  were  significantly  inhibited  by 
co-incubation  with  the  sulfhydryl-containing  antioxidants 
NAC  or  GSH.  In  a  similar  manner,  CGN  apoptosis  induced 
by  a  structurally  distinct,  small  molecule  Bcl-2/Bcl-x(L)  inhib¬ 
itor,  compound  6,  was  also  prevented  by  GSH.  Moreover, 
GSH  provided  partial  protection  against  Bcl-2  antisense- 
mediated  apoptosis  of  CGNs.  Although  this  latter  protective 
effect  of  GSH  was  not  as  complete  as  that  observed  with 
FLA  14-1  or  compound  6,  this  may  be  attributed  to  the  fact 
that,  while  these  small  molecules  inhibit  the  function  of 
endogenous  Bcl-2/Bcl-x(L),  the  proteins  are  presumably  still 
present  in  the  mitochondrial  membrane.  In  contrast,  addition 
of  Bcl-2  antisense  disrupts  translation  of  the  endogenous 
protein  and  therefore  prevents  the  physical  presence  of  Bcl-2 
at  the  mitochondria,  perhaps  resulting  in  a  secondary  death 
mechanism  as  a  result  of  loss  of  a  possible  membrane 
stabilizing  effect  of  Bcl-2. 

In  contrast  to  the  GSH-sensitive  neuronal  death  induced  by 
antagonism  of  Bcl-2  and/or  Bcl-x(L)  function,  Bim-depend¬ 
ent  CGN  apoptosis,  elicited  by  either  removal  of  the 
depolarization  stimulus  (Linseman  et  al.  2002)  or  overex¬ 
pression  of  a  GFP-Bim  fusion  protein  (Harris  and  Johnson 
2001),  was  completely  resistant  to  treatment  with  either  NAC 
or  GSH.  These  results  demonstrate  that  Bim  triggers  CGN 
apoptosis  via  a  mechanism  that  is  markedly  different  from 
that  induced  by  antagonism  of  Bcl-2/Bcl-x(L)  function. 
Although  these  data  do  not  completely  exclude  a  putative 
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interaction  between  Bim  and  Bcl-2  or  Bcl-x(L)  in  CGNs 
undergoing  apoptosis,  they  do  suggest  that  any  such 
interaction  is  dispensable  for  Bim-mediated  death.  Moreover, 
these  findings  indicate  that  Bim  must  target  additional 
proteins  besides  Bcl-2/Bcl-x(L)  to  induce  CGN  apoptosis. 

Some  clues  about  the  alternative,  Bcl-2/Bcl-x(L)-inde- 
pendent  mechanism(s)  utilized  by  Bim  to  induce  CGN 
apoptosis  may  be  found  by  comparing  the  upstream  signals 
activated  by  the  different  death  stimuli  examined  in  this 
study.  Although  the  canonical  mitochondrial  death  pathway 
(i.e.  mitochondrial  depolarization  — >  Bax  activa¬ 
tion  — >  cytochrome  c  release  — »  caspases  9  and  3  acti¬ 
vation)  was  triggered  by  either  HA  14-1  or  the  removal  of 
depolarizing  potassium,  the  proximal  signals  leading  to  the 
initial  loss  of  Av|/m  were  clearly  distinct  for  these  two  cell 
death  stimuli.  For  example,  mitochondrial  depolarization 
induced  by  HA  14-1  occurred  in  the  absence  of  mitochondrial 
swelling  and  was  cyclosporin  A-insensitive,  but  redox- 
sensitive  (i.e.  blocked  by  NAC).  In  contrast,  mitochondrial 
depolarization  elicited  by  removal  of  extracellular  depolar¬ 
izing  potassium  happened  in  conjunction  with  mitochondrial 
swelling  (Linseman  et  al.  2002)  and  was  cyclosporin 
A-sensitive  (Precht  et  al.  2005),  but  redox-insensitive.  These 
results  suggest  that  antagonism  of  Bcl-2/Bcl-x(L)  triggers  an 
oxidative  stress-dependent  opening  of  a  mitochondrial  per¬ 
meability  channel  that  is  distinct  from  the  classical  mPTP 
(Scanlon  and  Reynolds  1998;  Kushnareva  and  Sokolove 
2000;  Mukherjee  et  al.  2002).  Conversely,  the  induction  of 
Bim  that  occurs  in  response  to  withdrawal  of  depolarizing 
potassium  is  associated  with  opening  of  the  cyclosporin 
A-inhibited  mPTP  (Martinou  and  Green  2001;  Waldmeier 
et  al.  2003). 

The  above  differences  in  the  mechanism  of  mitochondrial 
depolarization  elicited  by  either  antagonism  of  Bcl-2/Bcl- 
x(L)  or  induction  of  Bim  may  reflect  a  propensity  for  Bim  to 
interact  with  components  of  the  mPTP.  Consistent  with  this 
idea,  Bim  has  recently  been  shown  to  interact  with  the 
voltage-dependent  anion  channel  (VDAC)  in  isolated  mit¬ 
ochondrial  preparations,  leading  directly  to  opening  of  the 
mPTP  and  mitochondrial  depolarization  (Sugiyama  et  al. 
2002).  Alternatively,  a  selective  interaction  between  Bim  and 
VDAC2  (a  low  abundance  isoform  of  VDAC)  could  act  to 
dissociate  VDAC2  from  the  multidomain  Bcl-2  family 
member,  Bak  (Cheng  et  al.  2003).  This  latter  effect  could 
indirectly  promote  Bak  oligomerization,  insertion  into  the 
mitochondrial  membrane,  and  an  ensuing  mitochondrial 
penneabilization.  Finally,  the  potential  for  Bim  to  associate 
with  other  components  of  the  mPTP,  like  the  adenine 
nucleotide  translocator  (ANT)  or  cyclophilin  D,  is  currently 
unknown. 

In  addition  to  mPTP  proteins,  it  is  also  possible  that  Bim 
could  trigger  cell  death  by  directly  interacting  with  Bax  or 
Bak  at  mitochondria.  For  example,  the  BH3-only  protein, 
tBid,  formed  by  the  caspase  8-mediated  cleavage  of  full 


length  Bid  (Li  et  al.  1998),  is  known  to  interact  directly  with 
Bax  at  mitochondria  to  promote  a  confonnational  activation 
of  this  protein  (Perez  and  White  2000).  In  a  similar  manner, 
some  small  isoforms  of  Bim,  including  Bims  and  BimAD, 
have  recently  been  shown  to  elicit  a  conformational  activa¬ 
tion  of  Bax  in  vitro  (Marani  et  al.  2002).  Moreover,  mutants 
of  BimAD  that  bind  Bax,  but  not  Bcl-2,  are  still  capable  of 
triggering  apoptosis,  providing  independent  confirmation  that 
Bim-mediated  cell  death  does  not  necessarily  require  direct 
antagonism  of  Bcl-2  (Marani  et  al.  2002). 

Besides  a  possible  interaction  of  Bim  with  Bax  or  Bak  at 
mitochondria,  Bim  could  also  associate  with  these  multido¬ 
main  family  members  at  an  extra-mitochondrial  site  to 
promote  cell  death.  For  example,  Bax  and/or  Bak  activation 
at  the  endoplasmic  reticulum  (ER)  has  been  shown  to  induce 
the  release  of  ER  calcium  that  is  subsequently  taken  up  by 
mitochondria  (Nutt  et  al.  2002;  Scorrano  et  al.  2003). 
Mitochondrial  calcium  loading  ultimately  results  in  a  loss 
of  mitochondrial  membrane  potential  and  cytochrome  c 
release.  Consistent  with  this  mechanism,  SH-SY5Y  neuro¬ 
blastoma  cells  exposed  to  the  ER  stressor,  tunicamycin,  show 
induction  of  the  BH3-only  protein,  PUMA,  which  is 
coincident  with  mitochondrial  cytochrome  c  release  and 
caspase  activation  (Reimertz  et  al.  2003).  The  potential  for 
Bim  to  mediate  a  similar  ER-dependent  apoptotic  response  in 
primary  neurons  has  not  yet  been  investigated. 

Lastly,  one  should  consider  the  possibility  that  Bim  may 
have  multiple  cellular  targets,  perhaps  including  some 
combination  of  Bcl-2/Bcl-x(L),  VDAC  or  ANT,  Bax  or 
Bak,  and  other,  as  yet,  unidentified  proteins.  If  this  is  the 
case,  then  it  could  be  the  combined  effects  of  several  of  these 
interdependent  interactions  that  ultimately  triggers  cell  death. 
Alternatively,  multiple  Bim-mediated  actions  may  occur 
simultaneously,  such  as  Bcl-2/Bcl-x(L)  antagonism  and  Bax 
activation,  that  essentially  act  in  a  redundant  manner.  In  the 
latter  case,  inhibition  of  one  pathway  (e.g.  alleviating  the 
consequences  of  Bcl-2/Bcl-x(L)  antagonism  with  antioxi¬ 
dants)  may  be  compensated  for  by  the  redundant  pathway 
(e.g.  direct  Bax  activation),  such  that  the  apoptotic  cascade  is 
still  initiated.  This  scenario  of  redundant  Bim-dependent 
death  signals  may  underlie  the  observations  of  the  current 
study  in  which  Bim-mediated  apoptosis  persists  in  CGNs 
treated  with  antioxidants.  It  is  also  important  to  consider  the 
role  of  other  BH3-only  proteins  in  CGN  death.  Although 
the  focus  of  this  paper  is  on  Bim,  we  acknowledge  that 
other  BH3-only  proteins  like  DP5  may  also  contribute  to 
5K-induced  CGN  apoptosis  (Harris  and  Johnson  2001). 

In  summary,  we  have  shown  that  CGN  apoptosis  triggered 
by  the  small  molecule  Bcl-2/Bcl-x(L)  antagonists,  HA14-1 
and  compound  6,  as  well  as  antisense  oligos  to  Bcl-2,  occurs 
via  an  oxidative  stress-dependent  pathway  that  is  inhibited  by 
the  antioxidants,  NAC  and  GSH.  In  contrast,  Bim-mediated 
CGN  death,  induced  by  either  the  removal  of  depolarizing 
potassium  or  overexpression  of  Bim,  is  insensitive  to 
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antioxidant  treatment.  We  conclude  that  Bim  promotes  CGN 
apoptosis  by  a  mechanism  that  does  not  require  direct 
antagonism  of  Bcl-2/Bcl-x(L)  and  the  consequential  oxida¬ 
tive  stress.  Identification  of  additional  molecular  targets  of 
Bim,  besides  Bcl-2/Bcl-x(L),  is  necessary  to  determine 
precisely  how  this  BH3-only  protein  induces  neuronal 
apoptosis. 
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The  cellular  mechanisms  underlying  Purkinje  neuron  death  in  various  neurodegenerative  disorders  of  the  cerebellum  are  poorly  under¬ 
stood.  Here  we  investigate  an  in  vitro  model  of  cerebellar  neuronal  death.  We  report  that  cerebellar  Purkinje  neurons,  deprived  of  trophic 
factors,  die  by  a  form  of  programmed  cell  death  distinct  from  the  apoptotic  death  of  neighboring  granule  neurons.  Purkinje  neuron  death 
was  characterized  by  excessive  autophagic-lysosomal  vacuolation.  Autophagy  and  death  of  Purkinje  neurons  were  inhibited  by  nerve 
growth  factor  (NGF)  and  were  activated  by  NGF-neutralizing  antibodies.  Although  treatment  with  antisense  oligonucleotides  to  the  p75 
neurotrophin  receptor  (p75ntr)  decreased  basal  survival  of  cultured  cerebellar  neurons,  p75ntr-antisense  decreased  autophagy  and 
completely  inhibited  death  of  Purkinje  neurons  induced  by  trophic  factor  withdrawal.  Moreover,  adenoviral  expression  of  a  p75ntr 
mutant  lacking  the  ligand-binding  domain  induced  vacuolation  and  death  of  Purkinje  neurons.  These  results  suggest  that  p75ntr  is 
required  for  Purkinje  neuron  survival  in  the  presence  of  trophic  support;  however,  during  trophic  factor  withdrawal,  p75ntr  contributes 
to  Purkinje  neuron  autophagy  and  death.  The  autophagic  morphology  resembles  that  found  in  neurodegenerative  disorders,  suggesting 
a  potential  role  for  this  pathway  in  neurological  disease. 

Key  words:  autophagy;  Purkinje  neuron;  p75ntr;  cell  death;  neurotrophin;  vacuoles 


Introduction 

Chronic  neurodegenerative  diseases  are  characterized  by  a  selec¬ 
tive  loss  of  specific  neuronal  populations  over  a  period  of  years  or 
even  decades.  Although  the  underlying  causes  of  most  neurode¬ 
generative  diseases  are  unclear,  the  loss  of  neurons  and  neuronal 
contacts  is  a  key  feature  of  disease  pathology.  Elucidation  of  the 
cellular  mechanisms  regulating  neuronal  cell  death  is  critical  for 
developing  new  therapeutic  strategies  to  slow  or  halt  the  progres¬ 
sive  neurodegeneration  in  these  disorders. 

Purkinje  neurons  in  the  cerebellum  integrate  input  to  the  cer¬ 
ebellar  cortex  from  the  mossy  fibers  and  climbing  fibers  and  sub¬ 
sequently  generate  inhibitory  output  to  the  deep  cerebellar  nuclei 
(Ghez  and  Thach,  2000).  In  addition  to  their  essential  role  in 
proper  cerebellar  function,  Purkinje  neurons  provide  critical  tro¬ 
phic  support  to  developing  cerebellar  granule  neurons  and  infe¬ 
rior  olivary  neurons  (Torres-Aleman  et  al.,  1994;  Zanjani  et  al., 
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1994;  Linseman  et  al.,  2002a).  Purkinje  neurons  are  specifically 
lost  in  various  neurodegenerative  conditions  such  as  spinocere¬ 
bellar  ataxias  (Koeppen,  1998;  Watase  et  al.,  2002),  ataxia  telang- 
ectasia  (Gatti  and  Vinters,  1985;  Borghesani  et  al.,  2000),  autism 
(Ritvo  et  al.,  1986;  Bailey  et  al.,  1998),  and  certain  prion  enceph¬ 
alopathies  (Ferrer  et  al.,  1991;  Watanabe  and  Duchen,  1993;  Las- 
mezas  et  al.,  1997).  Although  Purkinje  cell  loss  is  a  critical  feature 
of  disease  pathology,  the  molecular  mechanisms  underlying  Pur¬ 
kinje  cell  death  remain  poorly  understood. 

The  Lurcher  (Lc)  mouse  has  been  extensively  used  as  an  in 
vivo  model  of  Purkinje  neuron  degeneration.  The  cell  degenera¬ 
tion  in  the  Lurcher  cerebellum  results  from  a  single  point  muta¬ 
tion  in  the  82  glutamate  receptor  (GluRS2),  whose  expression  is 
restricted  to  Purkinje  neurons  (Zuo  et  al.,  1997).  The  degenera¬ 
tion  and  loss  of  Purkinje  neurons  in  Lurcher  cerebellum  is  fol¬ 
lowed  by  a  secondary  death  of  cerebellar  granule  neurons  and 
inferior  olivary  neurons  attributable  to  loss  of  trophic  support 
normally  provided  by  their  afferent  target  Purkinje  neurons 
(Wetts  and  Herrup,  1982).  Because  G1uRS2Lc  causes  a  constitu¬ 
tive  depolarization  of  Purkinje  neurons,  it  was  originally  thought 
that  the  death  of  Purkinje  neurons  in  the  Lc  cerebellum  was  akin 
to  excitotoxicity  mediated  by  excessive  calcium  influx.  However, 
a  recent  report  suggested  that  the  mechanism  of  G1uRS2Lc- 
induced  Purkinje  cell  degeneration  can  be  dissociated  from  de¬ 
polarization  (Selimi  et  al.,  2003).  Instead,  Lc  Purkinje  cell  death  is 
hypothesized  to  involve  interactions  between  the  mutant  GluR82 
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receptor  and  the  proteins  nPIST  and  Beclin  1,  because  these  pro¬ 
tein-protein  interactions  can  lead  to  cell  death  and  increase  au- 
tophagy  when  overexpressed  in  heterologous  cells  (Yue  et  al., 

2002) .  Furthermore,  both  groups  were  able  to  demonstrate  the 
appearance  of  autophagic  vacuoles  in  Lc  Purkinje  neurons  before 
degeneration,  suggesting  that  upregulated  autophagy  is  an  early 
feature  of  dying  Purkinje  neurons  (Yue  et  al.,  2002;  Selimi  et  al., 

2003) . 

Autophagy  is  a  degradative  pathway  responsible  for  the  bulk 
of  proteolysis  in  normal  cells.  Autophagy  is  an  evolutionarily 
conserved  pathway  that  leads  to  the  degradation  of  proteins  and 
entire  organelles  in  cells  undergoing  stress;  however,  in  extreme 
cases  it  can  result  in  cellular  dysfunction  and  cell  death  (Klionsky 
and  Emr,  2000).  Autophagy  begins  with  the  formation  of  double¬ 
membrane  vesicles  that  sequester  cytoplasm  and  organelles  in 
autophagosomes  (autophagic  vacuoles  in  mammalian  cells).  The 
autophagosomes  fuse  with  lysosomes,  forming  autophagolyso¬ 
somes.  The  contents  of  autophagolysosomes  are  degraded  by  ly¬ 
sosomal  enzymes  into  basic  macromolecules,  which  are  then  re¬ 
cycled  for  use  in  essential  cellular  functions  (Stromhaug  and 
Klionsky,  2001). 

Dysregulation  of  autophagolysosomal  activity  can  lead  to  cell 
death  and  is  implicated  in  several  neurodegenerative  conditions, 
including  Parkinson’s  disease  (Anglade  et  al.,  1997),  Alzheimer’s 
disease  (Cataldo  et  al.,  1996;  Nixon  et  al.,  2000),  Lewy  body  de¬ 
mentias  (Zhu  et  al.,  2003),  Huntington’s  disease  (Kegel  et  al., 
2000;  Petersen  et  al.,  2001),  and  prion  encephalopathies  (Boel- 
laard  et  al.,  1991;  Liberski  et  al.,  2002).  Nutrient  deprivation, 
including  withdrawal  of  serum  (Mitchener  et  al.,  1976),  is  one 
stimulus  known  to  induce  autophagy.  In  this  report,  we  describe 
an  in  vitro  model  to  investigate  signaling  pathways  that  regulate 
autophagy  and  survival  in  cerebellar  Purkinje  neurons.  We  used 
cerebellar  cultures  from  early  postnatal  rats  to  investigate  Pur¬ 
kinje  neuron  death  in  response  to  trophic  factor  withdrawal.  In 
this  model,  Purkinje  cell  loss  was  characterized  by  extensive  cy¬ 
toplasmic  vacuolation  and  a  marked  absence  of  nuclear  conden¬ 
sation  or  fragmentation.  The  vacuoles  stained  with  markers  for 
autophagic  vacuoles  and  lysosomes  and  the  presence  of  abundant, 
enlarged  autophago(lyso)somes  was  confirmed  by  transmission 
electron  microscopy.  The  autophagy  inhibitor  3-methyladenine  di¬ 
minished  cytoplasmic  vacuolation  and  moderately  increased  the 
survival  of  Purkinje  neurons.  Nerve  growth  factor  (NGF)  also  inhib¬ 
ited  autophagy  and  death  of  Purkinje  neurons.  The  protective  effects 
of  NGF  were  mediated  by  the  low-affinity  p75  neurotrophin  recep¬ 
tor  (p75ntr).  Our  data  support  the  hypothesis  that  p75ntr  can  regu¬ 
late  autophagy  and  death  in  Purkinje  neurons. 

Materials  and  Methods 

Materials.  Polyclonal  antibodies  to  calbindin-D28k  and  p75ntr,  mono¬ 
clonal  antibodies  to  NGF,  and  purified  NGF  were  obtained  from  Chemi- 
con  (Temecula,  CA).  Polyclonal  antibodies  to  NGF  and  monoclonal 
antibodies  to  phospho-TrkA  were  obtained  from  Santa  Cruz  Biotechnol¬ 
ogy  (Santa  Cruz,  CA).  The  monoclonal  phosphotyrosine  antibody  (Ab) 
was  obtained  from  Upstate  Cell  Signaling  Solutions  (Lake  Placid,  NY).  A 
polyclonal  antibody  to  the  intracellular  domain  of  rat  p75ntr  was 
obtained  from  Covance  (Berkeley,  CA).  Cy3-  and  FITC-conjugated 
secondary  antibodies  for  immunocytochemistry  were  purchased  from 
Jackson  ImmunoResearch  (West  Grove,  PA).  Horseradish  peroxidase- 
linked  secondary  antibodies  and  reagents  for  enhanced  chemiluminescence 
detection  were  obtained  from  Amersham  Biosciences  (Piscataway,  NJ).  Ly- 
sosensor  blue  was  obtained  from  Molecular  Probes  (Eugene,  OR).  Mono- 
dansylcadaverine,  3-methyladenine,  and  4,6-diamidino-2-phenylindole 
(DAPI)  were  from  Sigma  (St.  Louis,  MO).  Adenoviral  cytomegalovirus 
(CMV;  negative  control  adenovirus)  was  from  Dr.  Jerry  Schaack  (University 


of  Colorado  Health  Sciences  Center,  Denver,  CO).  The  adenoviral  rat 
p75ntr  myristylated  intracellular  domain  (p75mICD)  has  been  described 
previously  (Roux  et  al.,  2001). 

Cell  culture.  Rat  cerebellar  granule  neurons  were  isolated  from  7-d-old 
Sprague  Dawley  rat  pups  as  described  previously  (D’Mello  et  al.,  1993). 
Briefly,  neurons  were  plated  at  a  density  of  2.0  X  10 6  cells/ml  in  basal 
modified  Eagle’s  medium  (BME)  containing  10%  fetal  bovine  serum,  25 
mM  KC1,  2  dim  L-glutamine,  and  penicillin  (100  U/ml)-streptomycin  (100 
jug/ml;  Invitrogen,  Gaithersburg,  MD)  Cytosine  arabinoside  (10  ;um)  was 
added  to  the  culture  medium  24  hr  after  plating  to  limit  the  growth  of 
non-neuronal  cells.  Experiments  were  performed  after  7  d  in  culture.  Death 
was  induced  by  removing  the  serum-  and  high-potassium-containing  media 
and  replacing  it  with  serum-free  and  5  mM  potassium  BME. 

Adenoviral  infection.  Five  days  after  plating,  neuronal  cultures  were 
infected  with  either  control  adenovirus  (adenoviral  CMV)  or  adenoviral 
p75ntr,  full-length  or  truncated,  mICD,  each  at  the  indicated  multiplicity 
of  infection.  After  infection,  cells  were  returned  to  the  incubator  for  48  hr 
at  37°C  and  10%  C02.  On  day  7,  neurons  were  processed  for  live  cell 
imaging  or  fixed  for  immunocytochemistry. 

Antisense.  The  p75ntr  antisense  and  missense  oligonucleotides  (both 
at  5  /cm)  were  added  to  the  cultures  at  the  time  of  plating  [day  in  vitro 
(DIV)  0]  by  repeatedly  triturating  the  cells  in  the  presence  of  the  oligo¬ 
nucleotides  before  seeding.  The  oligonucleotides  were  present  through¬ 
out  the  culture.  Trophic  factor  withdrawal  was  performed  on  day  5  or  6 
in  culture  (DIV  5  or  6)  for  either  24  or  48  hr.  After  this  treatment,  the  cells 
were  processed  for  live  cell  lysosensor  experiments  or  fixed  for  immuno¬ 
cytochemistry  to  count  Purkinje  neurons.  In  all  cases,  the  antisense  was 
taken  up  by  neurons  with  nearly  100%  efficiency  as  assayed  by  visualiza¬ 
tion  of  the  fluorescently  labeled  oligonucleotides.  HPLC-purified  phos- 
phorothioate  oligonucleotides  were  purchased  from  Integrated  DNA 
Technologies  (Coralville,  IA).  Sequences  used  were  as  follows:  ratp75ntr 
5'  antisense,  5'-ACCTGCCCTCCTCATTGCA-3';  and  rat  p75ntr  5' 
missense,  5'-CTCCCACTCGTCATTCGAC-3'.  The  rat  5'  p75ntr  anti- 
sense  was  also  purchased  with  a  5'  56-FAM  fluorescent  label  so  that 
uptake  by  the  neurons  could  be  monitored.  The  antisense  sequence  used 
has  been  characterized  previously  and  has  been  shown  to  be  effective  at 
inhibiting  p75ntr-mediated  cell  death  both  in  vitro  and  in  vivo  (Barrett 
and  Bartlett,  1994;  Cheema  et  al.,  1996;  Lowry  et  al.,  2001). 

Immunocytochemistry.  Neuronal  cultures  were  plated  on  polyethyl- 
eneimine-coated  glass  coverslips.  Neurons  were  infected  and  induced  to 
undergo  death  as  indicated  previously.  After  treatment,  the  neurons  were 
fixed  with  4%  paraformaldehyde  and  then  permeabilized  and  blocked 
with  PBS,  pH  7.4,  containing  0.2%  Triton  X-100  and  5%  BSA.  Cells  were 
then  incubated  with  polyclonal  antibodies  against  calbindin  (1:250),  ac¬ 
tive  caspase-3  (1:500),  or  p75ntr  (1:250)  overnight  at  4°C  diluted  in  PBS 
containing  0.1%  Triton  X-100  and  2%  BSA.  Primary  antibodies  were 
then  removed,  and  the  cells  were  washed  at  least  six  times  with  PBS  at 
room  temperature.  The  neurons  were  then  incubated  with  Cy3- 
conjugated  donkey  anti-rabbit  secondary  antibodies  (1:500)  and  DAPI 
(1  p-g/ml)  for  1  hr  at  room  temperature.  The  cells  were  then  washed  at 
least  six  more  times  with  PBS,  and  coverslips  were  adhered  to  glass  slides 
with  mounting  medium  (0.1%  p-phenylenediamine  in  75%  glycerol  in 
PBS).  Imaging  was  performed  on  a  Zeiss  (Thornwood,  NY)  Axioplan  2 
microscope  equipped  with  a  Cooke  Sensicam  deep-cooled  CCD  camera, 
and  images  were  analyzed  with  the  Slidebook  software  program  (Intelli¬ 
gent  Imaging  Innovations  Inc.,  Denver,  CO). 

Purkinje  cell  counts.  Purkinje  neuron  numbers  were  measured  by 
counting  the  number  of  calbindin-positive  cells  in  152  fields  under  63  X 
oil  that  were  randomly  selected  by  following  a  fixed  grid  pattern  over  the 
coverslip.  The  total  area  counted  per  coverslip  was  14.6  mm2  or  —  13%  of 
the  coverslip.  In  addition  to  calbindin  staining,  cells  were  also  judged  on 
their  morphology.  Cells  counted  as  Purkinje  neurons  had  large  rounded 
cell  bodies,  elaborate  processes,  and  larger,  more  oval  nuclei  (in  compar¬ 
ison  with  the  smaller,  rounder  nuclei  of  granule  neurons).  Some  very 
bright  calbindin-positive  cells  that  were  either  as  small  as  the  granule 
neurons,  having  bipolar  processes,  or  very  large  flattened  cells,  lacking 
elaborate  processes,  were  not  counted  because  previous  studies  on  in 
vitro  differentiation  of  Purkinje  neurons  suggest  that  these  cells  may 
represent  examples  of  delayed  or  aberrant  development  of  Purkinje  neu- 
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Figure  1 .  Trophic  factor  withdrawal  induces  a  nonapoptotic  death  pathway  in  Purkinje  neurons.  Cultured  cerebellar  neurons 
were  allowed  to  differentiate  in  medium  containing  10%  fetal  calf  serum  and  25  mM  potassium.  On  day  7,  neurons  were  either 
maintained  in  control  medium  (25K+Ser)  or  subjected  to  trophic  factor  withdrawal  medium  (5K— Ser)  for  24- 48  hr.  A,  Purkinje 
number  was  quantified  by  counting  the  total  number  of  calbindin-positive  Purkinje  cells  in  randomly  chosen,  equally  sized  areas 
per  condition  (total  area,  14.6  mm 2).  Numbers  are  plotted  as  a  percentage  of  control.  Values  represent  the  mean  ±  SEM  of  three 
independent  experiments  each  performed  in  triplicate.  “Significant  difference  from  25K+S  control  at  p  <  0.01,  one-way 
ANOVA,  Tu  key's  post  hoc  test.  B-G,  Cells  incubated  in  either  control  medium  ( B-D)  or  deprived  of  trophic  factors  ( E-G)  were  fixed 
and  stained  with  polyclonal  antibodies  against  calbindin-D28k  (a  specific  marker  of  Purkinje  neurons;  red)  and  the  nuclear  dye 
DAPI  (blue).  B,  C,  Purkinje  neurons  maintained  in  control  medium  demonstrate  differentiated  morphology.  D,  DAPI  staining 
reveals  the  nuclei  of  healthy  granule  neurons  and  a  Purkinje  neuron  (arrow),  f,  F,  Trophic  factor  withdrawal  induced  extensive 
cytoplasmic  vacuolation  of  Purkinje  neurons  (see  magnified  insets).  6,  DAPI  staining  reveals  increased  nuclear  condensation  and 
fragmentation  in  granule  neurons,  whereas  there  is  a  notable  lack  of  nuclear  condensation  in  Purkinje  nuclei  (arrow). 
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rons  in  culture  (Baptista  et  al.,  1994).  At  least  three 
coverslips  were  counted  per  experimental  condi¬ 
tion.  The  numbers  were  averaged  and  expressed 
as  a  percentage  of  the  average  number  counted  in 
the  appropriate  controls.  This  was  repeated  for  at 
least  three  independent  experiments. 

Live  cell  imaging  and  vacuolation  measure¬ 
ments.  Lysosensor  blue  and  monodansylcadav- 
erine  (MDC)  were  added  to  the  cultures  at  the 
end  of  the  indicated  treatments  and  returned  to 
the  incubator  for  20  min.  The  cells  were  then 
washed  three  times  with  37°C  phenol  red-free 
DMEM  to  remove  nonspecifically  bound  dyes. 

The  coverslips  were  mounted  onto  glass  slides 
on  —10  fx  1  of  phenol  red-free  DMEM;  excess 
media  were  aspirated;  and  the  coverslips  were 
sealed  and  imaged  immediately.  Purkinje  neu¬ 
rons  were  identified  on  the  basis  of  their  mor¬ 
phology  (large,  oval  nuclei,  large  cell  body,  and 
multiple  processes)  by  scanning  the  coverslips 
under  bright-field  differential  interference  con¬ 
trast  with  a  63  X  oil  objective.  Images  of  the 
lysosensor  blue  and  MDC  fluorescence  were 
captured  on  the  DAPI  and  FITC  channels,  re¬ 
spectively,  with  the  100X  oil  objective.  The  lyso¬ 
sensor  blue  images  were  used  to  measure  the  di¬ 
ameters  of  all  the  visible  lysosomes  in  at  least  six 
Purkinje  neurons  per  condition.  This  was  usually 
between  100  and  200  lysosomes.  This  was  re¬ 
peated  for  at  least  three  independent  experiments. 

Transmission  electron  microscopy.  Cultured 
cells  were  fixed  in  2%  paraformaldehyde  and 
2.5%  glutaraldehyde  for  1  hr,  postfixed  in  1%  os¬ 
mium  tetroxide  for  1  hr  at  4°C,  and  processed  for 
embedding  in  the  culture  dish.  Cells  were  then 
gently  scraped  and  embedded  in  blocks  of  Epon- 
araldite.  Thin  sections  were  stained  with  4%  aque¬ 
ous  uranyl  acetate  and  lead  citrate  and  examined 
on  a  Philips  CM-12  electron  microscope. 

Lysate  preparation.  After  incubation  for  the 
indicated  times  and  with  the  reagents  specified 
above,  the  culture  medium  was  aspirated,  cells 
were  washed  once  with  2  ml  of  ice-cold  PBS 
(PBS,  pH  7.4),  placed  on  ice,  and  scraped  into 
lysis  buffer  (200  fx 1/35  mm  well)  containing  20 
mM  HEPES,  pH  7.4,  1%  Triton  X-100,  50  mM 
NaCl,  1  mM  EGTA,  5  mM  )3-glycerophosphate, 

30  mM  sodium  pyrophosphate,  100  jum  sodium 
orthovanadate,  1  mM  phenylmethylsulfonyl 
fluoride,  10  /ug/ml  leupeptin,  and  10  frg/ml 
aprotinin.  Cell  debris  was  removed  by  centrifu¬ 
gation  at  6000  X  g  for  3  min  and  the  protein 
concentration  of  the  supernatant  was  deter¬ 
mined  using  a  commercially  available  protein 
assay  kit  (Pierce,  Rockford,  IL).  Equal  amounts 
of  supernatant  protein  were  diluted  to  a  final 
concentration  of  1 X  SDS-PAGE  sample  buffer, 
boiled  for  5  min,  and  electrophoresed  through 
7.5%  polyacrylamide  gels.  Proteins  were  trans¬ 
ferred  to  polyvinylidene  membranes  (Milli- 
pore,  Bedford,  MA)  and  processed  for  immu- 
noblot  analysis. 

Immunoblot  analysis.  Nonspecific  binding 
sites  were  blocked  in  PBS,  pH  7.4,  containing 
0.1%  Tween  20  (PBS-T)  and  1%  BSA  for  1  hr  at 
room  temperature.  Primary  antibodies  were  diluted  in  blocking  solution 
and  incubated  with  the  membranes  for  1  hr.  Excess  primary  Ab  was 
removed  by  washing  the  membranes  three  times  in  PBS-T.  The  blots 
were  then  incubated  with  the  appropriate  horseradish  peroxidase- 


conjugated  secondary  Ab  diluted  in  PBS-T  for  1  hr  and  were  subse¬ 
quently  washed  three  times  in  PBS-T.  Immunoreactive  proteins  were 
detected  by  enhanced  chemiluminescence.  In  some  experiments,  mem¬ 
branes  were  reprobed  after  stripping  in  0. 1 M  Tris-HCl,  pH  8.0, 2%  SDS,  and 
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Figure  2.  Autophagic  and  lysosomal  markers  stain  vacuoles  that  form  during  Purkinje  neu¬ 
ron  degeneration.  Purkinje  neurons  maintained  in  either  control  (25K+Ser)  or  trophic  factor 
withdrawal  (5K— Ser)  media  for  24  hr  were  stained  with  the  autophagic  marker  MDC  (green), 
and  lysosensor  blue,  a  pH-sensitive  dye  that  fluoresces  blue  in  acidic  environments.  Live  cell 
imaging  of  control  (A-D)  and  trophic  factor-deprived  [E-H)  Purkinje  neurons  was  performed. 
A,  E,  Bright-field  images  of  cells  identified  as  Purkinje  neurons  based  on  their  morphology, 
characterized  by  a  large  cytoplasm  (compared  with  granule  neurons)  and  extensive  neuronal 
processes.  B,  F,  MDC  staining  demonstrating  increases  in  autophagosomes  in  Purkinje  neurons 
after  trophic  factor  withdrawal.  C,  6,  Lysosensor  blue  staining  reveals  acidic  organelles  (i.e., 
lysosomes)  and  demonstrates  a  marked  increase  in  the  size  of  lysosomes  in  Purkinje  neurons 
after  withdrawal  of  trophic  factors.  D,  H,  All  three  fields  merged,  demonstrating  colabeling  of 
some  cytoplasmic  vacuoles  with  both  MDC  and  lysosensor  blue  indicative  of  autophagolysoso- 
mal  fusion. 


LOO  mM  j3-mercaptoethanol  for  30  min  at  52°C.  The  blots  were  rinsed  twice 
in  PBS-T  and  processed  as  above  with  a  different  primary  Ab.  Autolumino- 
grams  shown  are  representative  of  at  least  three  independent  experiments. 

Data  analysis.  Results  shown  represent  the  means  ±  SEM  for  the  num¬ 
ber  of  independent  experiments  performed.  Statistical  differences  be¬ 
tween  the  means  of  unpaired  sets  of  data  were  evaluated  using  one-way 
ANOVA  followed  by  post  hoc  Tukey’s  test;  p  <  0.05  was  considered 
statistically  significant. 

Results 

Trophic  factor  withdrawal  results  in  a  loss  of  Purkinje 
neurons  that  is  morphologically  distinct  from  apoptosis 

We  have  investigated  Purkinje  neuron  death  induced  by  trophic 
factor  withdrawal  using  primary  cerebellar  neuronal  cultures.  Al¬ 
though  these  cultures  have  been  extensively  used  to  study  signal¬ 
ing  pathways  that  regulate  survival  of  cerebellar  granule  neurons 
(D’Mello  et  al.,  1993;  Linseman  et  al,  2002b;  Vaudry  et  al.,  2003), 
they  also  provide  a  model  system  for  studying  differentiated  Pur¬ 
kinje  neurons  (Baptista  et  al.,  1994).  Primary  neuronal  cultures 
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Figure  3.  The  autophagy  inhibitor  3MA,  blocks  the  increased  vacuolation  and  loss  of  Pur¬ 
kinje  neurons.  Purkinje  neurons  were  maintained  in  either  control  medium  (25K+S)  or  trophic 
factor  withdrawal  medium  (5K— S)  in  the  absence  or  presence  of  5  mM  3MA  (5K— S+3MA)  for 
24  hr.  A,  The  effects  of  the  various  treatments  on  vacuole  size  were  quantified  by  measuring  the 
diameters  of  all  visible  lysosensor  blue-positive  vacuoles  in  6-12  Purkinje  neurons  per  treat¬ 
ment  condition  in  at  least  three  independent  experiments.  Usually,  the  total  number  of  vacu¬ 
oles  measured  per  condition  was  between  100  and  200.  The  size  distribution  was  graphed  as  a 
percentage  of  total  vacuoles  that  were  within  the  indicated  size  ranges.  B,  Quantitation  of  the 
effects  of  3MA  on  Purkinje  neuron  numbers  demonstrate  that  addition  of  5  mM  3MA  to  trophic 
withdrawal  medium  partially  rescues  Purkinje  neurons  from  death  after  24  hr  of  trophic  factor 
withdrawal,  compared  with  healthy  controls.  Numbers  are  mean  ±  SEM  values  of  seven  inde¬ 
pendent  experiments,  each  performed  in  triplicate.  ““Significant  difference  from  25K+S 
(**p  <  0.01;  *p  <  0.05).  ^Significant  difference  from  5K— S  (**p  <  0.01;  *p  <  0.05). 


are  derived  from  dissociated  cerebella  of  early  postnatal  rats. 
These  neuronal  cultures  survive  and  differentiate  when  main¬ 
tained  in  medium  containing  10%  fetal  calf  serum  and  a  depo¬ 
larizing  concentration  of  potassium  (25  mM).  Granule  neurons, 
which  constitute  ~98%  of  the  cell  population,  undergo  classical 
apoptosis,  characterized  by  chromatin  condensation  and  caspase 
activation,  when  they  are  deprived  of  serum  and  depolarizing 
potassium  (trophic  factor  withdrawal;  (D’Mello  et  al.,  1993;  Lin¬ 
seman  et  al.,  2002b). 

In  contrast,  Purkinje  neurons,  which  make  up  ~2%  of  the 


4502  •  J.  Neurosci.,  May  12, 2004  •  24(19):4498-4509 


Florez-McClure  et  al.  •  Purkinje  Autophagic  Death  Induced  by  p75ntr 


culture,  undergo  a  distinct  nonapoptotic 
form  of  cell  death  in  response  to  trophic 
factor  withdrawal.  Quantification  of  the 
number  of  Purkinje  neurons  after  trophic 
factor  withdrawal  is  shown  in  Figure  1  A. 

Purkinje  neurons  were  identified  by  stain¬ 
ing  with  antibodies  to  the  Purkinje  marker 
calbindin-D28k.  After  24  or  48  hr  of  tro¬ 
phic  factor  withdrawal,  Purkinje  numbers 
were  50.4  ±  1.4  and  22.3  ±  7.0%  of  con¬ 
trols,  respectively.  The  remaining  Purkinje 
neurons  showed  markedly  different  mor¬ 
phology  from  that  of  control  cells,  charac¬ 
terized  by  extensive  cytoplasmic  vacuola- 
tion  (Fig.  1,  compare  control  cells,  B,  C, 
with  trophic  factor-deprived  cells,  E,  F).  In 
contrast  to  granule  neurons  deprived  of 
trophic  support,  which  demonstrated  sub¬ 
stantial  nuclear  condensation  and  frag¬ 
mentation  characteristic  of  apoptosis  (Fig. 

1,  compare  D,  G),  Purkinje  neurons 
showed  no  obvious  signs  of  nuclear  con¬ 
densation  or  fragmentation  (Fig.  1,  com¬ 
pare  nuclei  indicated  in  D,  G,  arrows).  The 
degenerating  Purkinje  neurons  did  not 
stain  with  propidium  iodide,  indicating 
that  they  retained  membrane  integrity 
throughout  the  death  process  (data  not 
shown).  The  maintenance  of  membrane 
integrity  suggested  that  Purkinje  death  did 
not  occur  by  necrosis.  Vacuole  formation 
and  subsequent  loss  of  Purkinje  neurons 
required  new  RNA  synthesis  because  addi¬ 
tion  of  the  transcriptional  inhibitor  acti- 
nomycin  D  (ActD)  decreased  vacuolation 
and  significantly  increased  the  numbers  of 
Purkinje  cells  to  78.7  ±  1.5%  compared 
with  50.4  ±  1.4%  ( p  <  0.05)  after  24  hr  of 
trophic  factor  withdrawal.  The  ability  of 
ActD  to  protect  Purkinje  neurons  further 
suggested  that  the  mechanism  of  death  was 
not  necrotic  but  was  rather  a  regulated  program  of  cell  suicide. 

Purkinje  neurodegeneration  is  associated  with 
increased  autophagy 

Extensive  cytoplasmic  vacuolation  was  the  most  prominent  mor¬ 
phological  feature  distinguishing  healthy  from  degenerating  Pur¬ 
kinje  neurons  in  response  to  trophic  factor  withdrawal.  To  deter¬ 
mine  the  mechanism  underlying  the  loss  of  Purkinje  neurons,  we 
first  characterized  the  nature  of  the  vacuoles  formed  during  with¬ 
drawal  conditions.  The  formation  of  extensive  cytoplasmic  vacu¬ 
oles  is  consistent  with  the  upregulation  of  autophagy.  The 
autofluorescent  drug  MDC  has  been  shown  to  specifically  accu¬ 
mulate  in  autophagic  vacuoles  (Biederbick  et  al.,  1995;  Munafo 
and  Colombo,  2001).  To  determine  whether  autophagy  was  ac¬ 
tivated  in  Purkinje  neurons  subjected  to  trophic  factor  with¬ 
drawal,  we  incubated  the  cerebellar  cultures  with  MDC  and  then 
visualized  the  MDC  staining  using  live  cell  imaging  techniques. 
In  addition  to  MDC,  the  neurons  were  stained  with  lysosensor 
blue,  a  pH-sensitive  dye  that  fluoresces  in  acidic  compartments 
(piVa,  5.2),  thus  specifically  revealing  lysosomes.  These  experi¬ 
ments  demonstrated  that  control  Purkinje  neurons  contained 
both  lysosomal  and  autophagic  vacuoles.  However,  in  healthy 


Figure  4.  Transmission  electron  microscopy  of  Purkinje  neurons  after  24  hr  of  trophic  factor  withdrawal  demonstrates  ultra- 
structural  features  of  autophagy.  A,  Low-power  micrograph  of  a  large  Purkinje  cell  with  multiple  secondary  lysosomes  (white 
arrows)  and  a  large  autophagic  vacuole  (asterisk).  In  contrast,  the  smaller  cerebellar  granule  neuron  (black  arrow)  does  not  show 
these  changes.  B,  Detail  of  the  large  autophagic  vacuole  indicated  by  the  asterisk.  There  are  disorganized  membranous  structures 
consistent  with  endoplasmic  reticulum,  ribosomes,  and  glycogen,  delimited  predominantly  by  a  single  membrane  (white  arrow¬ 
heads).  C,  Micrograph  showing  an  autophagosome  delimited  by  a  double  membrane  (white  arrows).  Note  the  similarity  of  the 
contents  to  adjacent  mitochondria  and  cytoplasmic  glycogen  (lower  left).  Scale  bars,  500  nm. 


Purkinje  neurons  these  vacuoles  were  on  average  very  small  (Fig. 
2  A-D).  In  contrast,  24  hr  of  trophic  factor  withdrawal  induced  a 
marked  increase  in  the  sizes  of  autophagic  and  lysosomal  vacu¬ 
oles,  as  detected  by  MDC  and  lysosensor  blue  staining,  respec¬ 
tively  (Fig.  2 E-H). 

To  determine  whether  augmented  autophagy  contributed  to 
Purkinje  neuron  death,  we  incubated  the  cultures  with  5  mM 
3-methyladenine  (3MA),  a  drug  known  to  inhibit  the  formation  of 
autophagosomes  (Seglen  and  Gordon,  1982).  Quantitative  analysis 
revealed  that  trophic  factor  withdrawal  significantly  increased  the 
size  of  vacuoles  in  Purkinje  neurons  (Fig.  3A).  In  healthy  Purkinje 
neurons,  ~89%  ofthe  lysosensor  blue-positive  vacuoles  were  <0.75 
pm  in  diameter.  After  24  hr  of  trophic  factor  withdrawal,  most 
( — 47%)  of  the  lysosensor  blue-positive  vacuoles  in  the  dying  Pur¬ 
kinje  neurons  were  much  larger  with  a  diameter,  between  0.75  and 
1.5  gm,  and  a  significant  percentage  ( — -32%)  were  >1.5  pm  in 
diameter.  Addition  of  5  mM  3MA  to  the  cerebellar  cultures  almost 
completely  maintained  the  lysosensor  size  profile  of  vacuoles  in  the 
range  observed  in  control  Purkinje  neurons.  The  inhibition  of  auto¬ 
phagic  activity  by  3-methyladenine  correlated  with  significantly  in¬ 
creased  numbers  of  Purkinje  neurons  that  remained  after  24  hr  of 
trophic  factor  deprivation  (Fig.  3B). 
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Electron  microscopic  analysis  of  autophagic  vacuoles  in 
trophic  factor-deprived  Purkinje  neurons 

Taken  together,  the  above  data  suggested  that  autophagy  is  up- 
regulated  in  Purkinje  neurons  subjected  to  trophic  factor  with¬ 
drawal.  Electron  microscopy  was  performed  on  cerebellar  cul¬ 
tures  to  confirm  that  the  enlarged  MDC-  and  lysosensor-positive 
vacuoles  observed  after  trophic  factor  withdrawal  were  indeed 
autophagic  vacuoles.  The  electron  micrographs  revealed  that  the 
cytoplasm  of  identified  Purkinje  cells  showed  multiple  autopha¬ 
gosomes,  multivesicular  bodies,  and  other  secondary  lysosomes 
ranging  in  size  from  0.7  to  3.0  pm  after  24  hr  of  trophic  factor 
withdrawal  (Fig.  4).  Some  of  these  autophagic  structures  con¬ 
tained  ribosomes,  glycogen,  and  disorganized  membranous 
organelles  (Fig.  4  A,B,  asterisks,  C).  Occasionally,  a  double  mem¬ 
brane  was  observed  extending  around  cytoplasmic  contents  (Fig. 
4C,  white  arrows),  indicative  of  earlier  stages  of  autophagy  (Shel¬ 
burne  et  al.,  1973).  The  cytoplasm  of  Purkinje  neurons  also  con¬ 
tained  lipid  droplets  (Fig.  4 A).  In  Purkinje  neurons,  the  nuclear 
chromatin  was  uniformly  dispersed  (Fig.  4 A).  In  contrast  to  the 
Purkinje  neurons,  large  autophagolysosomes  were  absent  from 
the  granule  neurons,  which  instead  showed  mild  cytoplasmic 
condensation  and  peripheral  chromatin  clumping  (Fig.  4  A,  black 
arrow). 

Purkinje  neuron  autophagy  and  death 
are  caspase-independent 

Previous  studies  have  shown  that  trophic  factor  withdrawal  and 
other  death-inducing  stimuli  can  simultaneously  induce  both  au¬ 
tophagy  and  apoptosis  (Jia  et  al.,  1997;  Xue  et  al.,  1999;  Uch- 
iyama,  2001).  In  these  models,  caspase  activation  and  apoptosis 
occurred  downstream  of  autophagy  and  could  be  blocked  by 
3MA.  To  determine  whether  the  autophagic  death  pathway  in 
Purkinje  neurons  acted  in  concert  with  caspase  activation,  we 
added  the  broad-spectrum  caspase  inhibitor  zVAD-FMK  to  Pur¬ 
kinje  neurons  undergoing  trophic  factor  withdrawal.  Addition  of 
zVAD-FMK  (100  p, m),  which  effectively  inhibits  caspase  activity 
in  cerebellar  granule  neurons,  was  unable  to  block  Purkinje  vac- 
uolation  or  death.  The  numbers  of  Purkinje  neurons  remaining 
after  24  hr  of  trophic  factor  withdrawal  in  the  absence  and  pres¬ 
ence  of  zVAD-FMK  were  55.7  ±2.8  and  54.7  ±  3.5,  respectively. 
Furthermore,  we  were  unable  to  detect  increases  in  activated 
caspase-3  by  immunocytochemical  techniques  in  Purkinje  neu¬ 
rons  undergoing  death  induced  by  trophic  factor  withdrawal 
(data  not  shown).  In  contrast,  activated  caspase-3  immunoreac- 
tivity  increases  markedly  in  the  granule  neurons  after  trophic 
factor  withdrawal  (Linseman  et  al.,  2003).  These  results  suggest 
that  neither  autophagy  nor  death  of  Purkinje  neurons  required 
caspase  activation. 

NGF  promotes  survival  and  decreases  autophagy  in 
Purkinje  neurons 

Having  established  that  trophic  factor  withdrawal  induced  auto¬ 
phagy  and  death  of  cerebellar  Purkinje  neurons,  we  next  exam¬ 
ined  whether  neurotrophin  signaling  could  protect  Purkinje  neu¬ 
rons  in  this  model.  NGF  is  a  neurotrophin  known  to  promote  the 
survival  and  differentiation  of  many  types  of  neurons  both  in 
vitro  and  in  vivo,  including  Purkinje  neurons  (Legrand  and  Clos, 
1991;  Cohen-Cory  et  al.,  1993;  Mount  et  al.,  1998).  We  added 
NGF  at  various  concentrations  to  the  cultures  at  the  time  of  tro¬ 
phic  factor  withdrawal  and  determined  its  effect  on  Purkinje  sur¬ 
vival.  High  concentrations  of  NGF  (>50  ng/ml)  significantly  in¬ 
creased  Purkinje  numbers  compared  with  trophic  factor 
withdrawal  alone  (Fig.  5 E).  To  determine  whether  NGF  could 


prevent  extensive  autophagic  vacuolation,  cultures  were  sub¬ 
jected  to  trophic  factor  withdrawal  in  the  absence  or  presence  of 
NGF,  and  quantitative  analysis  of  vacuolation  was  performed 
using  live  cell  lysosensor  measurements  (Fig.  5G).  Again,  in  the 
presence  of  trophic  support,  the  majority  of  Purkinje  neurons 
contained  small  (<0.75  /u,m)  lysosensor-positive  vacuoles.  After 
24  hr  of  trophic  factor  withdrawal,  most  Purkinje  neurons  con¬ 
tained  very  large  vacuoles,  with  49%  of  vacuoles  between  0.75  and 
1.5  /urn,  ~21%  ofvacuoles  between  1.5  and  2.25  /urn,  and  —13% 
of  vacuoles  >2.25  /im.  The  addition  of  NGF  (2.5  pg/ml)  to  the 
trophic  factor  withdrawal  media  significantly  decreased  the  over¬ 
all  vacuolation  of  Purkinje  neurons.  The  lysosome  size  profile 
was  shifted,  with  the  majority  of  vacuoles  (—76%)  being  <0.75 
fim  in  diameter,  —19%  of  vacuoles  between  0.75  and  1.5  /im, 
—4%  ofvacuoles  between  1.5  and2.25  /im,  and  <1%  ofvacuoles 
>2.25  pm.  Images  shown  are  representative  of  the  overall  effects 
of  the  various  treatments  (Fig.  5A-C). 

To  determine  whether  decreasing  NGF  in  the  cerebellar  cul¬ 
tures  would  be  sufficient  to  induce  autophagy  and  death  of  Pur¬ 
kinje  neurons,  we  added  NGF-neutralizing  antibodies  to  the  me¬ 
dia  and  determined  the  effects  on  Purkinje  survival  and 
vacuolation.  Addition  of  NGF-neutralizing  antibodies  to  the  cul¬ 
tures  for  24  hr  reduced  the  numbers  of  Purkinje  neurons  to 
70.6  ±  5.3%  of  controls  (Fig.  5 F).  Control  IgG  had  no  effect  on 
the  number  of  Purkinje  neurons.  The  effect  of  the  NGF- 
neutralizing  antibodies  was  less  than  the  effect  of  complete  tro¬ 
phic  factor  withdrawal,  which  reduced  Purkinje  numbers  to 
45.2  ±  2.7%  of  control  (Fig.  5 F).  To  determine  whether  the 
NGF-neutralizing  antibodies  could  induce  autophagic  vacuolation 
in  Purkinje  neurons,  we  performed  live  cell  imaging  experiments  to 
measure  the  sizes  of  Purkinje  lysosomes  (Fig.  5 H).  Again,  control 
Purkinje  neurons  contained  mostly  small  lysosensor-positive  vacu¬ 
oles,  whereas  24  hr  of  trophic  factor  withdrawal  markedly  induced 
the  appearance  of  much  larger  vacuoles.  Addition  of  NGF- 
neutralizing  antibodies  similarly  increased  the  appearance  of 
larger  vacuoles  in  Purkinje  neurons,  although  not  to  the  same 
extent  as  trophic  factor  withdrawal.  Control  IgG  had  no  effect  on 
the  size  distribution  of  the  vacuoles.  The  ability  of  NGF- 
neutralizing  antibodies  to  induce  the  formation  of  vacuoles  was 
also  observed  by  calbindin  staining  (Fig.  5,  compare  A,  D). 

The  protective  effects  of  NGF  on  Purkinje  neurons  are 
independent  of  TrkA  signaling 

NGF  exerts  its  effects  by  binding  to  two  distinct  receptors,  the 
TrkA  receptor  and  p75ntr.  The  high  concentrations  of  NGF  re¬ 
quired  to  promote  Purkinje  survival  suggested  that  the  p75ntr 
receptor  mediated  the  neuroprotective  effects  of  NGF  in  these 
cultures.  Further  data  supporting  this  hypothesis  come  from  ex¬ 
periments  showing  that  TrkA  receptor  tyrosine  phosphorylation 
is  high  under  basal  conditions  and  does  not  change  on  trophic 
factor  withdrawal  (up  to  6  hr)  or  on  addition  of  high  doses  of 
NGF  (Fig.  6 A,B).  Furthermore,  Purkinje  neurons  demonstrated 
significantly  increased  autophagic  vacuolation  (within  3-4  hr  of 
trophic  factor  withdrawal,  as  assessed  by  live  cell  lysosensor  mea¬ 
surements  of  vacuole  size;  Fig.  6  C)  before  any  significant  decrease 
in  TrkA  activation. 

In  the  presence  of  trophic  factors,  the  p75ntr  supports 
Purkinje  neuron  survival 

The  p75  neurotrophin  receptor  is  expressed  throughout  the  de¬ 
veloping  cerebellum  and  demonstrates  specific  spatial  and  tem¬ 
poral  regulation  (Yan  and  Johnson,  1988;  Carter  et  al.,  2003).  In 
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particular,  p75ntr  is  expressed  in  the  de¬ 
veloping  Purkinje  neurons  by  postnatal 
day  7,  the  time  point  at  which  we  obtained 
our  cerebellar  cultures.  p75ntr  immunore- 
activity  gradually  decreases  until  it  be¬ 
comes  absent  from  adult  cerebellum;  how¬ 
ever,  injury  such  as  axotomy  of  Purkinje 
neurons  results  in  marked  re-expression  of 
p75ntr  in  the  injured  neurons  (Martinez- 
Murillo  et  al.,  1993).  These  data  suggest  that 
p75ntr  is  involved  in  both  the  develop¬ 
ment  of  the  cerebellum  and  injury  re¬ 
sponses  in  Purkinje  neurons. 

To  determine  whether  p75ntr  was  in¬ 
volved  in  mediating  autophagy  and  death 
of  Purkinje  neurons,  cerebellar  cultures 
were  incubated  with  antisense  oligonucle¬ 
otides  directed  against  a  5'  region  span¬ 
ning  the  initiation  codon  of  the  rat  p75ntr 
mRNA.  This  antisense  sequence  has  been 
shown  to  be  effective  at  preventing  the 
NGF  withdrawal  or  axotomy-induced 
death  of  dorsal  root  ganglion  neurons 
(Barrett  and  Bartlett,  1994;  Cheema  et  al., 
1996)  and  the  axotomy-induced  death  of 
spinal  motor  neurons  (Lowry  et  al.,  2001), 
which  are  mediated  by  p75ntr.  Dissociated 
cerebellar  tissue  was  triturated  with  5  /am 
56-FAM-labeled  antisense  or  missense 
phosphorothioate  oligonucleotides  at  the 
time  of  plating.  The  antisense  entered  both 
granule  neurons  and  Purkinje  neurons  in 
the  culture,  with  nearly  100%  efficiency  as 
assessed  by  fluorescence  microscopy.  The 
p75ntr  antisense  had  two  distinct  effects 
on  the  neurons  in  the  culture.  Inclusion  of 
the  antisense  in  the  culture  medium  for  7  d 
resulted  in  a  significant  decrease  in  the 
basal  survival  of  both  cerebellar  granule 
and  Purkinje  neurons.  Purkinje  neuron 
number  with  the  p75ntr  antisense  was 
35  ±  2.3%  of  control  cultures.  The  effect 
of  the  p75ntr  antisense  on  cell  numbers 
was  specific  because  cultures  treated  with 
scrambled  missense  oligonucleotides  did 
not  demonstrate  diminished  survival. 
Also,  the  loss  of  cells  induced  by  p75ntr 
antisense  was  not  apparent  until  approxi¬ 
mately  day  4  or  5  in  culture  ( as  assed  by  cell 
density  by  bright-field  examination  of  the 
cultures).  This  corresponds  to  the  time  in 
culture  when  NGF  production  is  first  detect¬ 
able  by  Western  blot  analysis  (data  not 
shown).  These  findings  suggest  that  p75ntr 
mediates  survival  in  response  to  autocrine 
and  paracrine  neurotrophic  factors  such 
as  NGF  and  possibly  other  neurotrophins 
such  as  brain-derived  neurotrophic  factor 
(BDNF)  or  neurotrophin-3  (NT-3),  which 
are  known  to  be  secreted  by  cells  in  these 
cerebellar  cultures  (Favaron  et  al,  1993;  Le- 
ingartner  et  al.,  1994;  Condorelli  et  al.,  1998; 
Marini  et  al.,  1998;  Bhave  et  al.,  1999). 
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Figure  5.  Ihe  neurotrophin  NGF  blocks  the  loss  and  the  increased  vacuolation  of  Purkinje  neurons.  A-D,  Purkinje  neurons 
maintained  in  various  conditions  were  fixed  and  stained  with  antibodies  to  calbindin-D28k  (a  specific  marker  of  Purkinje  neurons; 
red)  and  the  nuclear  dye  DAPI  (blue).  Images  shown  are  representative  of  the  effects  of  the  various  treatments.  Purkinje  neurons 
were  maintained  in  control  medium  (A,  25K+S),  trophic  factor  withdrawal  medium  (B, 5K— S),  trophic  factor  withdrawal 
medium  with  2500  ng/ml  NGF  (C,  5K— S+NGF),  and  control  medium  with  2  /xg/ml  NGF-neutralizing  antibodies  (D, 
25K+S+o;NGF)  for  24  hr.  £,  Quantitation  of  the  effects  of  NGF  on  Purkinje  neuron  numbers  demonstrates  that  NGF  partially 
rescues  Purkinje  neurons  from  death  in  a  concentration-dependent  manner  after  24  hr  of  trophic  factor  withdrawal,  compared 
with  healthy  controls.  F,  Quantitation  of  the  effects  of  NGF-neutralizing  antibodies  on  Purkinje  neuron  numbers  demonstrates 
that  depleting  NGF  from  control  media  results  in  a  loss  of  Purkinje  neurons,  whereas  control  antibodies  had  no  effect  on  Purkinje 
survival.  Numbers  are  mean  ±  SEM  values  of  at  least  three  independent  experiments,  each  performed  in  triplicate.  G,  H,  The 
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Figure  6.  The  protective  effects  of  NGF  are  not  mediated  by  TrkA.  Immunoblot  analysis  was 
performed  to  determine  the  effects  of  trophic  factor  withdrawal  and  various  doses  of  NGF  on 
TrkA  activation,  k,  Immunoblot  of  samples  from  cultures  subjected  to  0, 1, 2, 4,  and  6  hr  of 
trophic  factor  withdrawal  with  a  phosphotyrosine-specific  Ab.  B,  Immunoblot  of  samples  from 
cultures  subjected  to  acid  wash,  followed  by  2  hr  of  trophic  factor  withdrawal  and  then  incuba¬ 
tion  with  0, 5, 50, 500,  or  1000  ng/ml  of  NGF  for  1 0  min.  C,  The  effects  of  a  short  time  course  of 
trophic  factor  withdrawal  on  vacuole  size  were  quantified  by  measuring  the  diameters  of  all 
visible  lysosensor  blue-positive  vacuoles  in  6-12  Purkinje  neurons  per  treatment  condition  in 
at  least  three  independent  experiments.  Usually,  the  total  number  of  vacuoles  measured  per 
condition  was  between  100  and  200.  The  size  distribution  was  graphed  as  a  percentage  of  total 
vacuoles  that  were  within  the  indicated  size  ranges.  **'*Significant  difference  from  25K+S 
(**/>  <  0.01;  *p<  0.05). 

p75ntr  promotes  autophagy  and  death  of  Purkinje  neurons  in 
the  absence  of  trophic  stimuli 

In  contrast  to  its  effects  on  basal  survival,  the  p75ntr  antisense 
completely  blocked  the  death  of  Purkinje  neurons  induced  by  48 
hr  of  trophic  factor  withdrawal  (Fig.  7 A).  Moreover,  5  piM  anti- 
sense  decreased  the  autophagic  vacuolation  of  Purkinje  neurons 
elicited  by  24  hr  of  trophic  factor  withdrawal  (Fig.  7 B).  Again,  in 
the  presence  of  trophic  support,  most  { — 90%)  of  the  Purkinje 
neuron  lysosensor-positive  vacuoles  were  <0.75  p,m,  and  only 
~  10%  of  vacuoles  were  between  0.75  and  1.5  p,m,  with  no  vacu¬ 


effects  of  the  various  treatments  on  vacuole  size  were  quantified  by  measuring  the  diameters  of  all  visible  lysosensor  blue-positive 
vacuoles  in  6  -1 2  Purkinje  neurons  per  treatment  condition  in  at  least  three  independent  experiments.  Usually,  the  total  number 
of  vacuoles  measured  per  condition  was  between  100  and  200.  The  size  distribution  was  graphed  as  a  percentage  of  total  vacuoles 
that  were  within  the  indicated  size  ranges.  G,  A  high  concentration  of  NGF  (2500  ng/ml)  significantly  decreased  the  autophagic 
vacuolation  of  Purkinje  neurons  induced  by  24  hr  of  trophic  factor  withdrawal.  H,  NGF-neutralizing  antibodies  significantly 
increased  the  vacuolation  of  Purkinje  neurons  in  control  media.  E-H,  **'*Significant  difference  from  25K+S  ( **p  <  0.01;  *p  < 
0.05).  ^Significant  difference  from  5K— S  (**p  <  0.01 ;  *p  <  0.05). 


oles  >1.5  p, m  in  diameter  After  24  hr  of  trophic  factor  with¬ 
drawal,  most  Purkinje  neurons  contained  very  large  vacuoles, 
with  ~49%  of  vacuoles  between  0.75  and  1.5  p,m,  ~13%ofvacu- 
oles  between  1.5  and  2.25  p,  m,  and  ~11%  of  vacuoles  >2.25  pm. 
Cultures  that  were  preincubated  with  p75ntr  antisense  oligonu¬ 
cleotides  demonstrated  a  shifted  lysosome  size  profile,  with 
~70%  of  vacuoles  <0.75  pm  in  diameter,  ~26%  of  vacuoles 
between  0.75  and  1.5  pm,  ~4%  ofvacuoles  between  1.5  and  2.25 
pm,  and  <1%  ofvacuoles  >2.25  pm.  In  contrast,  missense  oli¬ 
gonucleotides  had  no  effect  on  the  lysosome  size  profile  of  Pur¬ 
kinje  neurons  deprived  of  trophic  support  (Fig.  7 B).  Collectively, 
the  above  results  indicate  that  antisense-mediated  depletion  of 
p75ntr  decreases  the  basal  survival  of  Purkinje  neurons  in  the 
presence  of  trophic  support.  However,  under  conditions  of  tro¬ 
phic  factor  withdrawal,  decreasing  p75ntr  provides  a  survival  ad¬ 
vantage  to  the  remaining  Purkinje  neurons.  The  ability  of  p75ntr 
to  mediate  both  the  survival  and  death  in  the  same  neuron  de¬ 
pending  on  cellular  context  is  consistent  with  previous  reports  of 
its  effects  on  dorsal  root  ganglion  neuron  survival  (Barrett  and 
Bartlett,  1994;  Sorensen  et  al.,  2003). 

Overexpression  of  a  truncated  p75ntr  lacking  the 
extracellular  domain  induces  Purkinje  neuron  autophagy  and 
death  in  the  presence  of  trophic  support 

To  provide  direct  evidence  that  the  p75ntr  can  induce  autophagy 
and  death  in  Purkinje  neurons,  we  investigated  the  effects  of 
adenoviral-mediated  overexpression  of  a  myristoylated  rat 
p75ntr  intracellular  domain  (p75mICD)  protein.  This  p75ntr 
truncation  mutant  was  used  because  it  lacks  the  ligand-binding 
domain,  which  would  complicate  the  interpretation  of  results 
because  of  the  presence  of  endogenous  neurotrophins  in  these 
cultures.  It  has  been  shown  that  relatively  low  expression  levels  of 
this  p75ntr  mutant  mediate  the  survival  of  PC12  cells.  In  contrast, 
high  levels  of  p75mICD  expression  induce  efficient  PC12  cell 
death  (Roux  et  al.,  2001).  Finally,  it  has  been  demonstrated  that 
the  intracellular  domain  possesses  the  potent  cell  death-inducing 
activity  of  p75ntr  (Majdan  et  al.,  1997;  Coulson  et  al.,  2000;  Rabi- 
zadeh  et  al.,  2000;  Murray  et  al.,  2003).  Cultures  were  infected 
with  recombinant  control  CMV  or  p75mICD  adenoviruses  at 
various  multiplicities  of  infection  (moi)  on  day  5  in  culture.  After 
incubation  for  48  hr,  the  cultures  were  fixed  and  stained  with 
polyclonal  antibodies  raised  against  the  intracellular  domain  of 
rat  p75ntr  (Majdan  et  al.,  1997),  followed  by  a  Cy3-conjugated 
secondary  antibody.  Increases  in  p75ntr  immunoreactivity  after 
infection  with  the  p75mICD  adenovirus  were  primarily  and  con¬ 
sistently  observed  in  cells  with  morphologies  typical  of  Purkinje 
neurons.  Semiquantitative  analysis  of  fluorescence  images  indi¬ 
cated  that  p75ntr  expression  in  p75mICD-infected  Purkinje  neu¬ 
rons  was  increased  by  3.4-fold  compared  with  uninfected  con¬ 
trols  or  cells  infected  with  control  CMV  adenovirus.  To 
determine  whether  overexpression  of  p75mICD  could  induce 
Purkinje  neuron  death,  infected  neurons  were  fixed  and  stained 
with  calbindin  antibodies  to  quantify  Purkinje  numbers.  Overex¬ 
pression  of  p75mICD  resulted  in  a  dose-dependent  loss  of  Pur¬ 
kinje  neurons,  with  infection  at  50  moi 
yielding  similar  levels  of  Purkinje  cell  loss, 
as  was  observed  with  trophic  factor  with¬ 
drawal  (Fig.  8A).  Infection  with  a  control 
adenovirus  at  50  moi  did  not  induce  sig¬ 
nificant  Purkinje  neuron  death  (Fig.  8A). 
To  determine  whether  overexpression  of 
p75mICD  could  induce  autophagic  vacu¬ 
olation  in  Purkinje  neurons,  live  cell  quan- 
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Figure  7.  p75ntr  antisense  inhibits  the  loss  and  vacuolation  of  Purkinje  neurons.  Purkinje 
neurons  maintained  in  various  conditions  were  fixed  and  stained  with  antibodies  to  calbindin- 
D28k.  A,  Quantitation  of  the  effects  p75ntr  antisense  (AS)  and  missense  (MS)  oligonucleotides 
(oligo)  on  Purkinje  neuron  numbers  expressed  as  the  percentage  of  the  appropriate  control 
demonstrates  that  p75ntr  antisense  completely  blocks  the  loss  of  Purkinje  neurons  induced  by 
trophic  factor  withdrawal,  whereas  missense  oligos  had  no  effect  on  Purkinje  survival.  Numbers 
are  mean  ±  SEM  values  of  at  least  three  independent  experiments,  each  performed  in  tripli¬ 
cate.  B,  The  effects  of  the  various  treatments  on  vacuole  size  were  quantified  by  measuring  the 
diameters  of  all  visible  lysosensor  blue-positive  vacuoles  in  6-12  Purkinje  neurons  per  treat¬ 
ment  condition  in  at  least  three  independent  experiments.  Usually,  the  total  number  of  vacuoles 
measured  per  condition  was  between  1 00  and  200.  The  size  distribution  was  graphed  as  a  percentage 
of  total  vacuoles  that  were  within  the  indicated  size  ranges.  “'‘Significant  difference  from  25K+S 
(“p  <  0.01;  *p  <  0.05).  ^Significant  difference  from  5K— S  (**p  <  0.01 ;  *p  <  0.05). 

tification  of  lysosome  size  was  performed  (Fig.  8  B).  Purkinje 
neurons  that  were  infected  with  50  moi  of  p75mICD  adenovirus 
demonstrated  significantly  increased  autophagic  vacuolation, 
with  only  ~58%  of  vacuoles  <0.75  ju,m,  ~32%  of  vacuoles  be¬ 
tween  0.75  and  1.5  /cm,  ~7%  of  vacuoles  between  1.5  and  2.25 
/cm,  and  ~4%  of  vacuoles  >2.25  /cm.  Infection  with  50  moi  of 
control  CMV  adenovirus  did  not  significantly  increase  Purkinje 
neuron  vacuolation.  In  addition  to  increasing  autophagic  vacuo¬ 
lation,  p75mICD  infection  caused  notable  membrane  blebbing 
and,  in  some  rare  cases,  nuclear  condensation  and  fragmentation 


Figure  8.  Overexpression  of  a  truncated  p75ntr  receptor  lacking  the  ligand-binding  domain 
induces  the  loss  and  vacuolation  of  Purkinje  neurons.  Cultures  were  subjected  to  trophic  factor 
withdrawal  or  adenoviral  infection  with  either  control  CMV  (at  50  moi)  or  myristoylated  intra¬ 
cellular  domain  p75ntr  (at  both  10  and  50  moi)  adenoviruses  on  DIV  5.  A,  Ihe  cells  were  fixed 
and  stained  with  calbindin  antibodies  to  determine  Purkinje  neuron  numbers  after  the  various 
treatments.  B,  The  effects  of  p75mlCD  and  CMV  infection  at  50  moi  on  vacuole  size  were  quan¬ 
tified  by  measuring  the  diameters  of  all  visible  lysosensor  blue-positive  vacuoles  in  6-12  Pur¬ 
kinje  neurons  per  treatment  condition  in  at  least  three  independent  experiments.  Usually,  the 
total  number  of  vacuoles  measured  per  condition  was  between  100  and  200.  The  size  distribu¬ 
tion  was  graphed  as  a  percentage  of  total  vacuoles  that  were  within  the  indicated  size  ranges. 
“■‘Significant  difference  from  25K+S  (“/>  <  0.01 ;  *p  <  0.05). 

in  Purkinje  neurons.  Our  observations  of  increased  autophagy 
with  p75mICD  expression  are  consistent  with  a  previous  report 
of  p75ntr  intracellular  domain-induced  death  being  morpholog¬ 
ically  characterized  by  increased  vacuolation  (Coulson  et  al., 
2000),  in  addition  to  the  regularly  reported  morphological  fea¬ 
tures  of  apoptosis. 

Discussion 

Morphological  studies  of  diseased  human  postmortem  brain 
consistently  reveal  signs  of  increased  autophagic  activity  in  de¬ 
generating  neuronal  populations.  There  are  multiple  reports  in 
the  literature  that  describe  autophagic  vacuoles,  as  well  as  distur¬ 
bances  in  the  lysosomal  degradative  system  in  neurodegenerative 
conditions  such  as  Alzheimer’s  disease  (Cataldo  et  al.,  1996; 
Nixon  et  al.,  2000),  Parkinson’s  disease  (Anglade  et  al.,  1997), 
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Huntington’s  disease  (Kegel  et  al.,  2000;  Petersen  et  al.,  2001), 
prion  encephalopathies  (Boellaard  et  al.,  1991;  Jeffrey  et  al., 
1992),  and  diffuse  Lewy  body  disease  (Zhu  et  al.,  2003).  Extensive 
cytoplasmic  vacuole  formation,  consistent  with  autophagy,  also 
has  been  described  in  degenerating  cerebellar  Purkinje  neurons 
in  models  of  ischemia  (Fessatidis  et  al.,  1993;  Barenberg  et  al., 
2001)  and  in  spinocerebellar  ataxia  1  transgenic  mice  (Skinner  et 
al.,  2001).  Recently,  autophagy  has  been  implicated  in  the  death 
of  cerebellar  Purkinje  neurons  in  the  Lurcher  mouse,  which  suf¬ 
fers  from  extensive  Purkinje  neuron  degeneration  caused  by  a 
point  mutation  in  the  82  glutamate  receptor  (Zuo  et  al.,  1997). 
Two  reports  have  also  shown  that  Lurcher  Purkinje  neurons 
demonstrate  ultrastructural  features  of  autophagy  at  a  time  when 
they  begin  to  degenerate  (Yue  et  al.,  2002;  Selimi  et  al.,  2003).  In 
addition,  overexpression  of  the  mutant  glutamate  receptor  in¬ 
duced  autophagy  and  death  in  human  embryonic  kidney  293  cells 
(Yue  et  al.,  2002).  In  the  current  study,  we  have  shown  that  auto¬ 
phagy  is  greatly  enhanced  in  Purkinje  neurons  that  are  dying  as  a 
result  of  trophic  factor  deprivation,  and  treatments  that  decrease 
autophagy  are  associated  with  increased  survival,  lending  further 
support  to  the  hypothesis  that  enhanced  autophagy  is  involved  in 
Purkinje  neuron  degeneration.  Moreover,  we  have  identified  a 
role  for  p75ntr  as  a  possible  mediator  of  autophagy  and  death  in 
Purkinje  neurons. 

It  is  generally  accepted  that  the  neurotrophins  NGF,  BDNF, 
NT-3,  and  NT-4/5  promote  survival  and  differentiation  by  bind¬ 
ing  to  their  cognate  Trk  receptors  (Ibanez  et  al.,  1992).  In  con¬ 
trast,  deciphering  the  role  of  p75ntr  signaling  in  mediating  neu- 
rotrophin  effects  has  been  complicated  by  several  factors.  First, 
p75ntr  shares  structural  homologies  with  members  of  the  tumor 
necrosis  factor  receptor  family  of  death  receptors  and  lacks  in¬ 
trinsic  tyrosine  kinase  activity.  Second,  all  four  neurotrophins  are 
able  to  bind  to  p75ntr  with  similar  affinity  but  display  selectivity 
when  binding  to  the  Trk  receptors  (Klein  et  al.,  1991a,b;  Lamballe 
et  al.,  1991).  Third,  p75ntr  is  often  coexpressed  with  Trk  recep¬ 
tors,  and  neurotrophin  effects  are  dependent  on  the  relative  com¬ 
plements  of  Trk  and  p75  neurotrophin  receptors  (for  review,  see 
Rabizadeh  and  Bredesen,  2003).  In  this  context,  it  has  been 
shown  that  the  presence  of  p75ntr  is  required  for  high-affinity 
binding  of  neurotrophins  to  Trk  receptors  (Hempstead  et  al., 
1991).  Yet  another  layer  of  complexity  is  added  when  one  con¬ 
siders  that  unprocessed  proneurotrophins  demonstrate  higher- 
affinity  binding  to  p75ntr  but  have  negligible  binding  to  Trk 
receptors  (Lee  et  al.,  2001).  Finally,  p75ntr  may  also  function  as  a 
coreceptor  with  the  Nogo  receptor  (Wang  et  al.,  2002)  or  as  a 
receptor  for  prion  (Della-Bianca  et  al.,  2001)  and  /3-amyloid  pro¬ 
teins  (Yaar  et  al.,  1997).  These  complexities  in  neurotrophin  sig¬ 
naling  may  provide  some  explanation  for  the  paradoxical  roles 
ascribed  to  p75ntr  in  the  literature.  Expression  of  p75ntr  is  capa¬ 
ble  of  inducing  death,  especially  when  neurotrophin  concentra¬ 
tions  are  limited  (Rabizadeh  et  al.,  1993;  Barrett  and  Georgiou, 
1996).  In  addition,  p75ntr  signaling  can  result  in  death  in  re¬ 
sponse  to  neurotrophin  binding  (Casaccia-Bonnefil  et  al.,  1996; 
Frade  et  al.,  1996;  Kuner  and  Hertel,  1998;  Friedman,  2000).  In 
contrast,  other  reports  suggest  that  p75ntr  plays  an  important 
and  necessary  role  in  mediating  survival  in  response  to  neurotro¬ 
phins  (Barrett  and  Bartlett,  1994;  Barrett  et  al.,  1998;  DeFreitas  et 
al.,  2001;  Bui  et  al.,  2002). 

In  the  current  report,  we  provide  evidence  that  p75ntr  plays 
an  important  role  in  mediating  autophagy  and  death  of  cerebellar 
Purkinje  neurons  induced  by  trophic  factor  withdrawal.  The  pro¬ 
motion  of  survival  and  the  reduction  of  autophagic  vacuolation 
required  high  concentrations  of  NGF,  suggesting  the  involve¬ 


ment  of  p75ntr.  TrkA  phosphorylation  was  not  correlated  with 
the  autophagic  vacuolation  induced  by  trophic  factor  withdrawal 
or  with  neuroprotection  mediated  by  NGF.  Decreasing  available 
neurotrophin  with  NGF-neutralizing  antibodies  induced  auto¬ 
phagic  vacuolation  and  death  of  Purkinje  neurons.  Antisense  to 
p75ntr  decreased  autophagy  and  completely  inhibited  the  loss  of 
Purkinje  neurons  in  response  to  trophic  factor  withdrawal. 
Moreover,  adenoviral-mediated  overexpression  of  a  myristoy- 
lated  rat  p75ntr  intracellular  domain  protein  (p75mICD)  re¬ 
sulted  in  significantly  increased  autophagic  vacuolation  that  was 
also  accompanied  by  a  significant  loss  of  Purkinje  neurons.  Fi¬ 
nally,  our  results  directly  show  that  Purkinje  neuron  death  in¬ 
duced  by  either  trophic  factor  withdrawal  or  p75mICD  overex¬ 
pression  is  associated  with  increased  autophagic  vacuolation, 
suggesting  an  important  role  for  autophagy  during  Purkinje  neu¬ 
ron  degeneration. 

Our  results  with  p75ntr  antisense  suggest  a  dual  role  for 
p75ntr  in  mediating  both  the  survival  and  death  of  Purkinje  neu¬ 
rons.  Antisense  to  p75ntr  decreased  the  survival  of  Purkinje  neu¬ 
rons  maintained  in  healthy  conditions.  The  loss  of  neurons  in¬ 
duced  with  p75ntr  antisense  occurred  at  a  time  when  NGF 
synthesis  becomes  detectable,  suggesting  that  p75ntr  is  required 
for  the  basal  survival  of  the  cerebellar  neurons  that  is  mediated  by 
autocrine  and  paracrine  neurotrophin  production  in  theses  cul¬ 
tures.  In  contrast,  Purkinje  neurons  pretreated  with  p75ntr  anti- 
sense  were  completely  resistant  to  death  and  demonstrated  de¬ 
creased  vacuolation  in  response  to  trophic  factor  withdrawal. 
Collectively,  our  results  suggest  that  neurotrophin  signaling 
through  p75ntr  can  regulate  the  survival  and  death  of  Purkinje 
neurons.  One  can  speculate  that  in  the  presence  of  appropriate 
neurotrophin,  signaling  from  p75ntr  can  promote  Purkinje  sur¬ 
vival,  and  decreasing  neurotrophin  levels  can  lead  to  a  loss  of 
prosurvival  p75ntr  signals.  However,  it  is  also  possible  that  a  loss 
of  appropriate  neurotrophins  not  only  leads  to  a  loss  of  prosur¬ 
vival  signals  but  also  may  result  in  the  generation  of  prodeath 
signals  from  p75ntr.  This  concept  of  p75ntr  as  a  dependence 
receptor  has  been  hypothesized  by  others  to  explain  the  paradox¬ 
ical  nature  of  p75ntr  function  (Rabizadeh  et  al.,  2000).  In  addi¬ 
tion,  our  data  have  not  formally  ruled  out  the  possibility  that 
trophic  factor  withdrawal  results  in  an  increase  of  some  ligand 
that  promotes  prodeath  p75ntr  signals  because  there  is  evidence 
in  the  literature  that  p75ntr  may  have  other  ligands  or  may  also 
function  as  a  coreceptor  with  other  proteins  (Yaar  et  al.,  1997; 
Della-Bianca  et  al.,  2001;  Wang  et  al.,  2002). 

Despite  the  evidence  suggesting  that  autophagy  is  upregulated 
in  neurodegeneration,  very  little  is  known  about  the  cellular 
mechanisms  that  regulate  autophagy  in  neurons  (for  review,  see 
Yuan  et  al.,  2003).  Several  reports  suggest  that  the  activation  of 
autophagy  contributes  to  the  death  of  neurons  (Xue  et  al.,  1999; 
Uchiyama,  2001;  Borsello  et  al.,  2003;  Weeks,  2003).  In  contrast, 
other  studies  indicate  a  neuroprotective  role  for  autophagy  in 
Huntington’s  disease  and  a-synucleopathies  (Qin  et  al.,  2003; 
Webb  et  al.,  2003).  These  studies  demonstrate  that  autophagy 
may  be  a  mechanism  for  mutant  protein  degradation  and  the 
prevention  of  plaque  formation.  Similarly,  in  cases  in  which  mi¬ 
tochondria  are  extensively  damaged,  autophagy  may  be  protec¬ 
tive  by  sequestering  and  degrading  defective  mitochondria  before 
they  can  release  death-inducing  proteins  (Lemasters  et  al.,  2002; 
Tolkovsky  et  al.,  2002).  One  can  speculate  that  the  degree  and 
specificity  of  autophagy  may  determine  cell  fate.  By  elucidating 
the  molecular  pathways  that  regulate  autophagy,  it  may  be  pos¬ 
sible  to  determine  which  components  of  autophagy  may  contrib¬ 
ute  to  neurodegeneration  and  which  may  be  neuroprotective.  In 
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addition  to  the  questions  regarding  autophagy  as  a  survival  or 
death  mechanism,  it  will  be  of  great  importance  to  understand 
the  effects  of  autophagy  on  neuronal  function,  such  as  the  forma¬ 
tion  and  maintenance  of  synapses,  the  transduction  of  electrical 
impulses,  and  neurotransmitter  release. 
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Glycogen  synthase  kinase-3/3  (GSK-3/3)  is  a  critical  activator  of  neuronal  apoptosis  induced  by  a  diverse  array  of  neurotoxic  insults. 
However,  the  downstream  substrates  of  GSK-3/3  that  ultimately  induce  neuronal  death  are  unknown.  Here,  we  show  that  GSK-3/3 
phosphorylates  and  regulates  the  activity  of  Bax,  a  pro-apoptotic  Bcl-2  family  member  that  stimulates  the  intrinsic  (mitochondrial)  death 
pathway  by  eliciting  cytochrome  c  release  from  mitochondria.  In  cerebellar  granule  neurons  undergoing  apoptosis,  inhibition  of  GSK-3/3 
suppressed  both  the  mitochondrial  translocation  of  an  expressed  green  fluorescent  protein  (GFP)-Baxa  fusion  protein  and  the  confor¬ 
mational  activation  of  endogenous  Bax.  GSK-3/3  directly  phosphorylated  Baxa  on  Serl63,  a  residue  found  within  a  species-conserved, 
putative  GSK-3/3  phosphorylation  motif.  Coexpression  of  GFP-Baxa  with  a  constitutively  active  mutant  of  GSK-3/3,  GSK-3/3(Ser9Ala), 
enhanced  the  in  vivo  phosphorylation  ofwild-type  Bax,,,  but  not  a  Serl63Ala  mutant  of  Baxa,  in  transfected  human  embryonic  kidney  293 
(HEK293)  cells.  Moreover,  cotransfection  with  constitutively  active  GSK-3/3  promoted  the  localization  of  Baxa  to  mitochondria  and 
induced  apoptosis  in  both  transfected  HEK293  cells  and  cerebellar  granule  neurons.  In  contrast,  neither  a  Serl63  Ala  point  mutant  of  Baxa 
nor  a  naturally  occurring  splice  variant  that  lacks  13  amino  acids  encompassing  Serl63  (Bax,r)  were  driven  to  mitochondria  in  HEK293 
cells  coexpressing  constitutively  active  GSK-3/3.  In  a  similar  manner,  either  mutation  or  deletion  of  the  identified  GSK-3/3  phosphoryla¬ 
tion  motif  prevented  the  localization  of  Bax  to  mitochondria  in  cerebellar  granule  neurons  undergoing  apoptosis.  Our  results  indicate 
that  GSK-3/3  exerts  some  of  its  pro-apoptotic  effects  in  neurons  by  regulating  the  mitochondrial  localization  of  Bax,  a  key  component  of 
the  intrinsic  apoptotic  cascade. 

Key  words:  glycogen  synthase  kinase;  cerebellar  granule  neuron;  apoptosis;  mitochondria;  Bax;  phosphorylation 


Introduction 

Aberrant  neuronal  apoptosis  contributes  to  the  progression  of 
several  neurodegenerative  disorders  (Vila  and  Przedborski, 
2003).  Protein  kinases  are  key  regulators  of  neuronal  cell  fate  and 
can  be  broadly  categorized  into  anti- apoptotic  and  pro-apoptotic 
groups.  Anti-apoptotic  kinases,  including  AKT  and  ERK  (extra¬ 
cellular  signal-regulated  kinase),  are  activated  downstream  of 
neurotrophic  factor  receptors  (Fukunaga  and  Miyamoto,  1998; 
Brunet  et  al.,  2001).  In  contrast,  protein  kinases  that  play  pro- 
apoptotic  roles  in  neurons,  including  JNK  (c-)un  NH2-terminal 
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kinase)  and  glycogen  synthase  kinase-3/3  (GSK-3/3),  are  activated 
by  a  variety  of  neuronal  insults  (Mielke  and  Herdegen,  2000; 
Kaytor  and  Orr,  2002).  In  particular,  GSK-3/3  is  a  critical  activa¬ 
tor  of  cell  death  in  numerous  models  of  neuronal  apoptosis  (Het¬ 
man  et  al.,  2000;  Li  et  al.,  2000;  Perez  et  al.,  2003;  Phiel  et  al., 
2003). 

Identification  of  substrates  of  GSK-3/3  may  provide  insight 
into  the  cellular  mechanisms  that  underlie  neurodegeneration. 
To  date,  the  three  most  studied  substrates  of  GSK-3/3  include  the 
metabolic  enzyme  glycogen  synthase,  the  microtubule  bundling 
protein  tau,  and  a  mediator  of  the  Wnt  signaling  pathway  and 
cell-cell  adhesion,  /3-catenin  (Doble  and  Woodgett,  2003).  Al¬ 
though  hyperphosphorylation  of  tau  by  GSK-3/3  has  been  impli¬ 
cated  in  the  pathogenesis  of  Alzheimer’s  disease  (Kaytor  and  Orr, 
2002),  the  contribution  of  this  phosphorylation  event  to  neuro¬ 
nal  death  in  other  models  of  neurodegeneration  is  less  well  estab¬ 
lished.  Moreover,  although  the  GSK-3/3-mediated  phosphoryla¬ 
tion  of  /3-catenin  targets  this  protein  for  degradation, 
phosphorylation-site  mutants  of  /3-catenin  fail  to  protect  neu¬ 
rons  from  apoptosis  under  conditions  in  which  GSK-3/3  inhibi¬ 
tion  is  neuroprotective  (Hetman  et  al.,  2000).  These  findings  sug¬ 
gest  that  additional  unidentified  substrates  of  GSK-3/3  exist  that 
mediate  its  pro-apoptotic  action  in  neurons. 
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Neuronal  apoptosis  often  occurs  via  an  intrinsic  apoptotic 
cascade  triggered  by  the  translocation  of  Bax,  a  pro-apoptotic 
Bcl-2  family  member,  to  mitochondria.  In  response  to  signals 
generated  by  BH3-only  Bcl-2  family  members,  such  as  Bim  and 
Bid,  Bax  oligomerizes  at  the  outer  mitochondrial  membrane  and 
forms  a  pore  that  releases  cytochrome  c  from  the  mitochondria 
(Zong  et  al.,  2001).  Cytosolic  cytochrome  c  then  interacts  with 
Apaf-1  and  pro-caspase-9  to  form  a  functional  apoptosome  that 
ultimately  activates  downstream  executioner  caspases  (Zou  et  al., 
1999).  Many  models  of  neuronal  apoptosis  occur  via  this  Bax- 
dependent  mitochondrial  pathway  (Cregan  et  al.,  1999;  Putcha  et 
al.,  1999;  Selimi  et  al.,  2000;  Vila  et  al.,  2001).  Yet  despite  the 
prevalence  of  Bax  involvement  in  neuronal  apoptosis,  the  cellular 
mechanisms  that  regulate  this  Bcl-2  family  member,  particularly 
the  role  of  phosphorylation,  have  not  been  clearly  defined. 

In  the  current  study,  we  used  primary  cultures  of  cerebellar 
granule  neurons  (CGNs)  isolated  from  postnatal  rats  to  investi¬ 
gate  the  role  of  GSK-3/3  in  the  regulation  of  Bax  function.  CGNs 
require  serum  and  depolarizing  extracellular  potassium  for  their 
survival  in  vitro  and  die  via  a  mitochondrial  apoptotic  cascade 
when  deprived  of  this  trophic  support  (D’Mello  et  al.,  1993;  Lin¬ 
seman  et  al.,  2002).  CGN  apoptosis  is  dependent  on  both  Bax 
translocation  to  mitochondria  and  activation  of  GSK-3/3  (Li  et 
al.,  2000;  Putcha  et  al.,  2002).  Thus,  this  is  an  ideal  cell  model  in 
which  to  examine  the  interaction  of  Bax  and  GSK-3/3  during 
neuronal  apoptosis. 

Materials  and  Methods 

Reagents.  A  plasmid  encoding  an  N-terminal  green  fluorescent  protein 
(GFP)  fusion  protein  of  human  Baxa  was  kindly  provided  by  Dr.  R.  J. 
Youle  (National  Institute  of  Neurological  Disorders  and  Stroke,  National 
Institutes  of  Health,  Bethesda,  MD).  Enhanced  GFP  (pEGFP)  vector, 
monoclonal  antibody  for  immunoprecipitation  of  GFP,  and  polyclonal 
living  colors  antibody  for  immunoblotting  of  GFP  were  from  BD  Bio¬ 
sciences  Clontech  (Palo  Alto,  CA).  Tetramethylrhodamine  ethyl  ester 
(TMRE)  dye  and  an  antibody  to  cytochrome  c  oxidase  subunit  IV  (COX 
IV)  were  from  Molecular  Probes  (Eugene,  OR).  Monoclonal  antibody  to 
the  hemagglutinin  (HA)  epitope  tag  and  polyclonal  antibodies  to 
phospho-GSK-3/3  (Ser9)  and  total  GSK-3/3  were  obtained  from  Cell  Sig¬ 
naling  Technologies  (Beverly,  MA).  Insulin-like  growth  factor  I  (IGF-I), 
LiCl,  Hoecsht  dye  33258,  and  4',6-diamidino-2-phenylindole  (DAPI) 
were  from  Sigma  (St.  Louis,  MO).  GSK-3/3  inhibitor  II  and  a  specific 
peptide  inhibitor  of  GSK-3/3  were  from  Calbiochem  (San  Diego,  CA). 
Monoclonal  antibody  to  the  active  conformation  of  Bax  (clone  6A7)  was 
purchased  from  Alexis  Biochemicals  (San  Diego,  CA).  Recombinant, 
active  GSK-3/3  was  from  Upstate  Biotechnology  (Charlottesville,  VA). 
[y-  32P]ATP  (3000  Ci/mmol),  32P  as  orthophosphate  (10  mCi/ml), 
horseradish  peroxidase-linked  secondary  antibodies,  and  reagents  for 
enhanced  chemiluminescence  detection  were  obtained  from  Amersham 
Biosciences  (Piscataway,  NJ).  Empty  pcDNA3.1  vector  was  obtained 
from  Invitrogen  (Carlsbad,  CA).  A  plasmid  encoding  HA-tagged  GSK- 
3/3(Ser9Ala)  was  provided  by  Dr.  M.  J.  Birnbaum  (University  of  Penn¬ 
sylvania,  Philadelphia,  PA).  A  plasmid  encoding  BaxCT  was  provided  by 
Dr.  R.  Bertrand  (University  of  Montreal,  Montreal,  Quebec,  Canada). 
FITC-  and  cyanine  3  (Cy3)-conjugated  secondary  antibodies  for  immu¬ 
nofluorescence  were  from  Jackson  ImmunoResearch  (West  Grove,  PA). 

Cell  culture.  Rat  CGNs  were  isolated  from  7-d-old  Sprague  Dawley  rat 
pups  (15-19  gm),  as  described  previously  (Li  et  al.,  2000).  Briefly,  neu¬ 
rons  were  plated  on  35-mm-diameter  plastic  dishes  coated  with  poly-L- 
lysineatadensityof2.0  X  10  6  cells/ml  in  basal  modified  Eagle’s  medium 
containing  10%  fetal  bovine  serum,  25  mM  KC1,  2  mM  L-glutamine,  and 
penicillin  (100  U/ml)-streptomycin  (100  /ng/ml)  (Invitrogen).  Cytosine 
arabinoside  ( 10  jam)  was  added  to  the  culture  medium  24  hr  after  plating 
to  limit  the  growth  of  non-neuronal  cells.  Using  this  protocol,  the  cul¬ 
tures  were  —95%  pure  for  granule  neurons.  In  general,  experiments  were 
performed  after  6-7  d  in  culture.  Human  embryonic  kidney  293 


(HEK293)  cells  were  maintained  in  standard  DMEM  containing  10% 
fetal  calf  serum  and  routinely  passaged  every  3-4  d. 

Transfection  of  primary  CGNs.  CGNs  were  transiently  transfected  us¬ 
ing  the  Helios  Gene-Gun  system  (Bio-Rad,  Hercules,  CA).  Briefly,  60  /ng 
of  plasmid  DNA  was  precipitated  onto  30  mg  of  0.6-p.m-diameter  gold 
beads  in  a  CaCl2-spermidine  mixture.  The  gold/DNA  precipitates  were 
washed  three  times  in  100%  ethanol  and  resuspended  in  3  ml  of  ethanol 
containing  0.05  mg/ml  polyvinylpyrrolidone.  After  thoroughly  resus¬ 
pending  the  gold/DNA  precipitate,  it  was  drawn  into  —74  cm  of  Tefzel 
tubing,  and  the  beads  were  allowed  to  settle  to  the  bottom  of  the  tubing. 
After  5  min,  the  ethanol  was  slowly  drawn  off  while  the  beads  adhered  to 
the  tubing.  The  tubing  was  dried  under  nitrogen  for  an  additional  5  min 
and  then  cut  into  —  1.3  cm  pieces.  These  pieces  can  be  stored  desiccated  at 
4°C  for  —6  weeks.  CGNs  to  be  transfected  were  seeded  at  a  density  of  8  X 
10 5  cells/well  on  polyethyleneimine-coated  glass  coverslips  in  24- well 
plates  (Corning,  Corning,  NY).  After  5  d  in  culture,  the  medium  was 
removed  from  the  wells,  and  the  1.3  cm  lengths  of  tubing  containing  the 
DNA-bound  beads  were  loaded  into  the  Gene-Gun  and  shot  with  a  burst 
of  — 100  psi  helium  through  a  40  jum  nylon  cell  strainer  placed  over  the 
well.  The  medium  was  replaced  immediately,  and  cells  were  grown  an 
additional  48  hr  before  image  analysis.  For  experiments  in  which  GFP- 
Baxa  was  cotransfected  with  either  pcDNA3.1  or  HA-GSK-3/3(S9A),  the 
ratio  of  plasmids  coprecipitated  onto  the  gold  beads  was  60: 1  for  empty 
vector  or  GSK-3/3  to  the  Bax  fusion  protein. 

Transfection  ofHEK293  cells.  HEK293  cells  were  grown  to  —90%  con- 
fluency  in  35-mm-diameter  tissue  culture  plates.  Aliquots  (500  ng)  of  the 
various  GFP-Bax  plasmids  and  4  /ug  of  either  constitutively  active  HA- 
GSK3/3  Ser9Ala  or  the  empty  vector  control  plasmid  (pCDNA3.1)  were 
transiently  transfected  using  the  Lipofectamine  2000  reagent  (Invitro¬ 
gen)  according  to  the  manufacturer’s  protocol.  Cells  were  grown  for  24 
hr,  after  which  they  were  fixed  for  microscopic  imaging  analysis  of  GFP- 
Bax  localization.  For  morphological  assessment  of  apoptosis,  transfected 
cells  were  grown  for  48  hr  before  quantitation  of  apoptosis. 

Quantitation  of  GFP-Bax  localization.  CGNs  or  HEK293  cells,  which 
were  transfected  with  various  GFP-Bax  plasmids,  were  washed  once  with 
PBS  and  fixed  for  20  min  in  4%  paraformaldehyde.  GFP-Bax  localization 
was  assessed  in  HEK293  cells  using  a  63  X  water  immersion  objective. 
Localization  in  CGNs  was  performed  under  63  X  oil  after  adhering  the 
coverslips  to  glass  slides.  Cells  were  examined  for  GFP  fluorescence  and 
were  scored  as  either  diffuse  (if  the  staining  observed  in  the  FITC  channel 
was  diffuse  throughout  the  cell)  or  mitochondrial  (if  the  staining  ob¬ 
served  in  the  FITC  channel  localized  to  discrete  subcellular  locations 
within  the  cytoplasm  and  around  the  nucleus).  Results  for  HEK293  cells 
are  averages  of  blinded  quantitations  from  at  least  three  independent 
experiments  per  group  in  which  —200  transfected  cells  were  counted  per 
group  per  experiment.  Data  for  CGNs  represent  quantitative  analysis  of 
at  least  three  separate  experiments  in  which  —200  transfected  CGNs  were 
analyzed  per  fusion  protein  under  both  control  and  apoptotic  conditions. 

Immunocytochemistry.  CGNs  were  cultured  on  polyethyleneimine- 
coated  glass  coverslips  at  a  density  of — 2.5  X  1 0  5  cells  per  coverslip.  After 
transfection  and  incubation  as  described  in  Results,  cells  were  fixed  in  4% 
paraformaldehyde  and  were  then  permeabilized  and  blocked  in  PBS,  pH 
7.4,  containing  0.2%  Triton  X-100  and  5%  BSA.  Cells  were  then  incu¬ 
bated  for  —  1 6  hr  at  4°C  with  primary  antibody  diluted  in  PBS  containing 
0.2%  Triton  X-100  and  2%  BSA.  The  primary  antibody  was  aspirated, 
and  the  cells  were  washed  five  times  with  PBS.  The  cells  were  then  incu¬ 
bated  with  either  Cy3-conjugated  or  FITC-conjugated  secondary  anti¬ 
bodies  and  DAPI  for  1  hr  at  room  temperature.  CGNs  were  then  washed 
five  more  times  with  PBS,  and  coverslips  were  adhered  to  glass  slides  in 
mounting  medium  (0.1%  p-phenylenediamine  in  75%  glycerol  in  PBS). 
Fluorescent  images  were  captured  using  a  63  X  oil  immersion  objective 
on  an  Axioplan  2  microscope  (Zeiss,  Oberkochen,  Germany)  equipped 
with  a  Cooke  Sensicam  deep-cooled  CCD  camera  and  a  Slidebook  soft¬ 
ware  analysis  program  for  digital  deconvolution  (Intelligent  Imaging 
Innovations,  Denver,  CO).  Quantitation  of  active  Bax  immunoreactivity 
was  performed  by  determining  the  percentage  of  CGNs  that  showed 
positive  punctate  staining  with  the  6A7  monoclonal  antibody  to  the  ac¬ 
tive  conformation  of  Bax.  In  general,  HEK293  cells  were  stained  using  an 
identical  protocol,  except  that  they  were  cultured  on  35-mm-diameter 
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plastic  culture  dishes  and  images  were  captured  using  a  63  X  water  im¬ 
mersion  objective. 

Live  cell  imaging  of  TMRE  fluorescence.  HEK293  cells  were  cotrans¬ 
fected  with  GFP-Baxa  and  either  pcDNA3.1  empty  vector  or  HA-GSK- 
3/3S9A.  At  24  hr  after  transfection,  TMRE  (500  nM)  and  Eloechst  dye  were 
added  for  30  min,  and  living  cells  were  imaged  using  a  Cy3  filter  to  detect 
TMRE  fluorescence. 

Preparation  of  cell  extracts.  After  incubation,  the  culture  medium  was 
aspirated  and  cells  were  washed  once  with  2  ml  of  ice-cold  PBS,  pH  7.4, 
placed  on  ice,  and  scraped  into  lysis  buffer  (200  /d/35  mm  well)  contain¬ 
ing  20  mM  HEPES,  pH  7.4, 1%  Triton  X-100,  50  mM  NaCl,  1  mM  EGTA, 
5  mM  (3-glycerophosphate,  30  mM  sodium  pyrophosphate,  100  jlim  so¬ 
dium  orthovanadate,  1  mM  phenylmethylsulfonyl  fluoride,  10  /ug/mlleu- 
peptin,  and  10  /rg/ml  aprotinin.  Cell  debris  was  removed  by  centrifuga¬ 
tion  at  6000  X  g  for  3  min,  and  the  protein  concentration  of  the 
supernatant  was  determined  using  a  commercially  available  protein  assay 
kit  (Pierce,  Rockford,  IL).  Aliquots  (—150  /rg)  of  supernatant  protein 
were  diluted  to  a  final  concentration  of  1 X  SDS-PAGE  sample  buffer, 
boiled  for  5  min,  and  electrophoresed  through  10%  polyacrylamide  gels. 
Proteins  were  transferred  to  polyvinylidene  difluoride  (PVDF)  mem¬ 
branes  (Millipore,  Bedford,  MA)  and  processed  for  immunoblot 
analysis. 

Immunoblotting.  Nonspecific  binding  sites  were  blocked  in  PBS,  pH 
7.4,  containing  0.1%  Tween  20  (PBS-T)  and  1%  BSA  for  1  hr  at  room 
temperature.  Primary  antibodies  were  diluted  in  blocking  solution  and 
incubated  with  the  membranes  for  1  hr.  Excess  primary  antibody  was 
removed  by  washing  the  membranes  three  times  in  PBS-T.  The  blots 
were  then  incubated  with  the  appropriate  horseradish  peroxidase- 
conjugated  secondary  antibody  diluted  in  PBS-T  for  1  hr  and  were  sub¬ 
sequently  washed  three  times  in  PBS-T.  Immunoreactive  proteins  were 
detected  by  enhanced  chemiluminescence.  The  autoluminograms  shown 
are  generally  representative  of  at  least  three  independent  experiments. 

Immunoprecipitation  of  GFP-Bax.  At  16-24  hr  after  transfection, 
HEK293  cell  lysates  were  prepared  in  lysis  buffer  containing  1%  Triton 
X-100,  as  described  above.  Ten  microliters  of  monoclonal  antibody 
against  GFP  were  added  to  500  /d  of  lysate  (—1  /rg//d  HEK293  cell 
protein  concentration),  and  samples  were  mixed  for  4  hr  at  4°C  by  con¬ 
tinuous  inversion.  Agarose-conjugated  protein  A/G  (50  /d)  was  added, 
and  samples  were  mixed  for  an  additional  2  hr.  Immune  complexes  were 
pelleted  and  washed  for  incubation  in  the  in  vitro  kinase  assay. 

In  vitro  kinase  assay.  Pelleted  GFP-Bax  immune  complexes  were 
washed  twice  with  500  /cl  of  cell  lysis  buffer,  followed  by  two  more  washes 
in  500  /cl  of  kinase  reaction  buffer  [8  mM  4-morpholinepropanesulfonic 
acid  (MOPS),  pH  7.2,  0.2  mM  EDTA,  and  10  mM  magnesium  acetate]. 
The  beads  were  then  resuspended  in  20  /cl  of  kinase  buffer,  and  50  ng  (in 
a  total  volume  of  10  /cl)  of  recombinant  active  GSK-3/3  was  added,  fol¬ 
lowed  by  10  /cCi  of  [y-32P]ATP  (previously  diluted  in  ATP  dilution 
buffer  containing  20  mM  MOPS,  pH  7.2,  75  mM  MgCl2,  25  mM 
(3-glycerophosphate,  5  mM  EGTA,  1  mM  sodium  orthovanadate,  1  mM 
DTT,  and  500  /cm  cold  ATP).  The  kinase  reaction  mixtures  were  incu¬ 
bated  at  30°C  for  30  min  with  continuous  mixing  at  1400  rpm.  Reactions 
were  stopped  by  adding  50  /cl  of  2  X  SDS-PAGE  sample  buffer  and  boil¬ 
ing  for  5  min.  Samples  were  then  resolved  on  10%  polyacrylamide  gels, 
and  proteins  were  transferred  to  PVDF  membranes  and  exposed  to  film 
for  autoradiography.  Subsequently,  the  membranes  were  immunoblot- 
ted  with  a  polyclonal  antibody  to  GFP  to  assess  the  immunoprecipitation 
efficiencies  of  the  various  GFP-Bax  variants. 

In  vivo  phosphorylation  of  GFP-Baxa  by  constitutively  active  GSK- 
3/3S9A.  HEK293  cell  cultures  were  washed  three  times  in  phosphate-free 
DMEM  culture  medium  and  then  labeled  for  6  hr  with  32P- 
orthophosphate  (final  concentration,  1.5  mCi/ml).  Unincorporated 
phosphate  was  removed,  and  cells  were  washed  three  more  times  in 
phosphate-free  DMEM.  HEK293  cells  were  then  cotransfected  with  wild- 
type  GFP-Baxa,  the  single  Serl63Ala  mutant,  or  the  Serl63Ala/ 
Thrl67Ala  double  mutant  and  either  empty  vector  or  constitutively  ac¬ 
tive  GSK-3(3S9A.  Approximately  16  hr  after  transfection,  the  GFP-Bax 
variants  were  immunoprecipitated  using  a  GFP  monoclonal  antibody,  as 
described  above.  Immune  complexes  were  resolved  by  SDS-PAGE  on  a 


10%  polyacrylamide  gel  and  transferred  to  PVDF,  and  phosphorylation 
was  assessed  by  autoradiography. 

Site-directed  mutagenesis  of  GFP-Baxa.  Site-directed  mutagenesis  of 
potential  GSK3/3  phosphorylation  sites  within  Baxa  was  performed  on 
the  pEGFP-Baxa  plasmid  using  the  Quikchange  kit  from  Stratagene  (La 
Jolla,  CA).  The  following  primers  and  annealing  temperatures  were  used 
(underlined  nucleotides  indicate  mutated  site):  Serl63Ala:  upper  primer 
5 '  -  GGTT GGGACGGCCT CCT CGCCTACTTTGGGACGCC-  3 ',  lower 
primer  5 '  -ACCCTGCCGGAGGAGCGGATGAAACCCTGC-3 ' ,  69°C 
annealing  temperature  (5%  v/v  DMSO  was  added  to  the  reaction  mix); 
Thrl67Ala:  upper  primer  5'-TCCTCTCCTACTTT GGGGCGCCAC- 
GT-3',  lower  primer  5'-GAGAGGATGAAACCCCGCGGGTGCA-3', 
78.6°C  annealing  temperature.  The  double  mutant  Serl63Ala/Thrl67Ala 
was  constructed  using  the  Serl63Ala  pEGFP-Baxa  plasmid  and  the  Thrl67 
upper  and  lower  primers  at  an  annealing  temperature  of  70°C. 

All  reactions  were  performed  with  the  following  program:  95°C  for  30 
sec,  appropriate  annealing  temperature  for  1  min,  and  72°C  for  5  min  for 
18  cycles. 

Quantitation  of  apoptosis.  HEK293  cells  were  transfected  with  variants 
of  GFP-Bax  in  the  absence  or  presence  of  constitutively  active  GSK-3(8. 
At  48  hr  after  transfection,  Hoechst  dye  was  added  directly  to  the  wells  to 
stain  nuclei  and  cells  were  scraped  into  the  culture  medium  so  that  all 
cells  were  harvested,  including  those  that  had  detached  from  the  dish. 
The  cells  were  then  pelleted,  washed  once  with  PBS,  and  resuspended  in 
PBS.  Nuclear  morphology  of  GFP-positive  cells  was  assessed  by  fluores¬ 
cence  microscopy.  Cells  containing  chromatin  that  was  condensed 
and/or  fragmented  were  scored  as  apoptotic.  Approximately  150  trans¬ 
fected  cells  were  quantitated  per  well,  and  each  construct  was  transfected 
into  duplicate  wells  in  a  total  of  two  separate  experiments. 

Data  analysis.  The  results  shown  represent  the  means  ±  SEM  for  the 
number  (»)  of  independent  experiments  that  were  performed.  Statistical 
differences  between  the  means  of  unpaired  sets  of  data  were  evaluated  by 
one-way  ANOVA,  followed  by  a  post  hoc  Dunnett’s  or  Tukey’s  test.  A  p 
value  of  <0.01  was  considered  statistically  significant. 

Results 

GSK-3/3  inhibitors  suppress  Bax  translocation  to 
mitochondria  and  Bax  conformational  activation  in  trophic 
factor-deprived  CGNs 

CGNs  were  transfected  with  plasmids  expressing  either  GFP  or  an 
NH2-terminal  GFP  fusion  protein  of  human  Bax  a  (GFP-Baxa) 
(Wolter  et  al.,  1997).  Neurons  were  transfected  using  gold  beads 
coated  with  the  precipitated  plasmid  DNA  via  particle-mediated 
gene  transfer  by  a  Helios  Gene-Gun  (Wellmann  et  al.,  1999).  At 
48  hr  after  transfection,  cells  were  either  maintained  in  control 
medium  containing  serum  and  25  mM  KC1  (25K+Ser)  or 
switched  to  apoptotic  medium  lacking  serum  and  containing  5 
mM  KC1  (5K-Ser).  After  an  additional  4  hr  incubation,  neurons 
were  fixed  in  paraformaldehyde,  and  nuclei  were  stained  with 
Hoechst  dye.  The  localization  of  GFP  or  GFP-Baxa  and  nuclear 
morphology  were  examined  by  fluorescence  microscopy  (Fig.  1 ). 
GFP  displayed  a  diffuse  distribution  over  the  entire  cell  body  in 
CGNs  cultured  in  either  control  or  apoptotic  medium  (Fig.  1A, 
top).  In  contrast,  the  localization  of  GFP-Baxa  changed  from  a 
diffuse  pattern  in  control  medium  to  a  punctate  distribution  in 
apoptotic  medium.  The  punctate  localization  of  GFP-Baxa  in 
apoptotic  medium  coincided  with  condensation  and  fragmenta¬ 
tion  of  the  chromatin  in  CGNs  (Fig.  1A,  bottom).  To  confirm 
that  the  punctate  distribution  of  GFP-Baxa  corresponded  to  its 
translocation  to  mitochondria,  CGNs  were  stained  for  the  inte¬ 
gral  mitochondrial  membrane  protein  COX  IV.  In  control  me¬ 
dium,  there  was  little  specific  overlap  between  the  localization  of 
GFP-Baxa  and  COX  IV  (Fig.  IB,  top).  While  in  apoptotic  me¬ 
dium,  GFP-Baxa  showed  substantial  colocalization  with  COX  IV 
(Fig.  IB,  bottom).  These  data  show  that  removal  of  serum  and 
depolarizing  extracellular  potassium  (trophic  factor  withdrawal) 
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Figure  1 .  An  expressed  GFP-Baxa  fusion  protein  translocates  to  mitochondria  in  CGNs  un¬ 
dergoing  apoptosis.  A,  Representative  images  of  CGNs  transfected  with  either  GFP  or  GFP-Baxa 
and  subsequently  incubated  for  4  hr  in  either  control  medium  (25  mM  KCI  with  serum; 
25K+Ser)  or  apoptotic  medium  (5  mM  KCI  without  serum;  5K-Ser).  Images  show  the  localiza¬ 
tion  of  GFP  or  GFP-Baxa  and  nuclear  morphology  after  staining  with  Hoechst  dye  (shown  in 
blue).  B,  Neurons  transfected  with  GFP-Baxa  were  incubated  as  described  in  A,  followed  by 
immunostainingforCOXIVto  identify  mitochondria.  Scale  bars,  10  jam. 


triggers  translocation  of  GFP-Baxa  to  mitochondria  in  CGNs 
undergoing  apoptosis. 

Examination  of  the  kinetics  of  GFP-Baxa  translocation  re¬ 
vealed  a  rapid  movement  of  the  expressed  fusion  protein  to  mi¬ 
tochondria  after  induction  of  apoptosis  (Fig.  2  A).  In  control  me¬ 
dium,  <30%  of  the  CGNs  expressing  GFP-Baxa  showed  a 
mitochondrial  localization  of  the  fusion  protein.  Within  1  hr  of 
trophic  factor  deprivation,  a  significant  increase  in  mitochon¬ 
drial  GFP-Baxa  was  detectable.  After  4  hr  of  incubation  in  apo¬ 
ptotic  medium,  ~70%  of  the  transfected  CGNs  demonstrated  a 
mitochondrial  distribution  of  GFP-Baxff.  Measurement  of 
GSK-3/3  activation  in  CGNs  undergoing  apoptosis  revealed  ki¬ 
netics  that  closely  paralleled  the  mitochondrial  translocation  of 
GFP-Baxa.  When  dephosphorylation  of  the  inhibitory  residue 
Ser9  was  used  as  an  index  of  GSK-3/3  activation,  significant  stim¬ 


ulation  was  observed  within  1  hr,  and  nearly  complete  dephos¬ 
phorylation  occurred  after  4  hr  of  incubation  in  apoptotic  me¬ 
dium  (Fig.  2 B).  Thus,  the  activation  of  GSK-3/3  is  temporally 
correlated  with  the  movement  of  Bax  to  mitochondria  in  CGNs 
undergoing  apoptosis. 

To  determine  whether  GSK-3/3  activity  is  required  to  trigger 
Bax  translocation  to  mitochondria  in  CGNs,  we  evaluated  the 
effects  of  several  distinct  GSK-3/3  inhibitors  on  the  movement  of 
GFP-Baxa.  IGF-I  is  a  known  survival  factor  for  CGNs  that  signals 
through  phosphatidylinositol  3 -kinase  to  activate  the  anti- 
apoptotic  kinase  AKT  (D’Mello  et  al.,  1993;  Finseman  et  al., 
2002).  AKT  subsequently  phosphorylates  and  inactivates  several 
pro-apoptotic  molecules  including  Bad,  caspase-9,  GSK-3/3,  and 
the  forkhead  transcription  factor  FKHRL1  (Lawlor  and  Alessi, 
2001).  In  the  case  of  GSK-3/3,  AKT  phosphorylates  the  inhibitory 
residue  Ser9.  As  shown  in  Figure  2C,  IGF-I  significantly  attenu¬ 
ated  the  dephosphorylation  of  GSK-3/3  on  Ser9  in  CGNs 
switched  to  apoptotic  medium.  In  addition  to  IGF-I,  we  also  used 
a  substituted  oxadiazole  GSK-3/3  inhibitor,  GSK-3/3  inhibitor  II 
(Inh-II;  Calbiochem)  (Naerum  et  al,  2002),  and  the  monovalent 
cation  lithium,  which  is  a  noncompetitive  inhibitor  of  GSK-3/3 
that  is  protective  in  many  models  of  neuronal  apoptosis  includ¬ 
ing  CGNs  (Linseman  et  al.,  2003).  Inclusion  of  either  IGF-I  or 
Inh-II  resulted  in  an  ~40%  decrease  in  the  (5K-Ser) -induced 
translocation  of  GFP-Baxa  to  mitochondria  (Fig.  2D).  Moreover, 
the  combination  of  IGF-I  and  Inh-II  did  not  produce  an  additive 
inhibitory  effect  on  GFP-Baxa  translocation,  suggesting  that  each 
of  these  agents  blocks  the  same  signal  for  Bax  movement  (i.e., 
GSK-3/3  activation)  (Fig.  2D).  Finally,  the  noncompetitive 
GSK-3/3  inhibitor  lithium  was  most  effective  at  blocking  GFP- 
Baxa  translocation  in  apoptotic  medium  (Fig.  2D). 

We  next  analyzed  the  activation  of  the  endogenous  Bax  pro¬ 
tein  by  immunostaining  CGNs  with  a  monoclonal  antibody  that 
specifically  recognizes  the  active  Bax  conformation  (clone  6A7) 
(Hsu  and  Youle,  1997).  CGNs  maintained  in  control  medium 
showed  little  to  no  detectable  6A7  staining,  whereas  neurons  in 
apoptotic  medium  showed  active  Bax  immunoreactivity  (Fig. 
2  E).  Moreover,  the  6A7  staining  often  coincided  with  condensed 
and/or  fragmented  chromatin.  Inclusion  of  either  the  GSK-3/3 
inhibitor  II  or  a  specific  phosphopeptide  inhibitor  of  GSK-3/3 
(Plotkin  et  al.,  2003)  significantly  inhibited  both  the  conforma¬ 
tional  activation  of  endogenous  Bax  and  CGN  apoptosis  (Fig. 
2 F).  In  a  similar  manner,  the  peptide  inhibitor  of  GSK-3/3  also 
blunted  GFP-Baxa  translocation  to  mitochondria  in  transfected 
CGNs  incubated  in  apoptotic  medium  (data  not  shown).  Collec¬ 
tively,  these  results  demonstrate  that  GSK-3 /3  activity  is  necessary 
to  induce  the  conformational  change  and  mitochondrial  translo¬ 
cation  of  Bax  in  trophic  factor-deprived  CGNs. 

GSK-3/3  directly  phosphorylates  Bax  on  Serl63  in  vitro  and 
in  vivo 

To  determine  whether  Bax  is  a  direct  substrate  of  GSK-3/3,  we 
examined  the  amino  acid  sequences  of  several  species  variants  of 
Baxa  to  establish  whether  they  contain  any  conserved  GSK-3/3 
consensus  phosphorylation  motifs  (Fig.  3A).  GSK-3/3  phosphor¬ 
ylates  the  consensus  site  S>t7T*XXXS(P)/T(P),  where  (P)  indi¬ 
cates  a  previously  phosphorylated  or  “primed”  serine  or  threo¬ 
nine  residue  and  the  asterisk  denotes  the  site  targeted  by  GSK-3/3 
(Fiol  et  al.,  1987).  Baxa  contains  a  SXXXT  motif  (residues  Serl63 
through  Thrl67)  that  is  conserved  in  human,  rat,  mouse,  and 
bovine  Baxa  (Fig.  3A).  To  ascertain  whether  Serl63  is  phosphor¬ 
ylated  by  GSK-3/3,  we  first  analyzed  the  ability  of  purified 
GSK-3/3  to  phosphorylate  GFP-Baxa  in  vitro.  GFP-Baxa  was  im- 
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Figure  2.  GSK-3/3  activity  regulates  Bax  translocation  to  mitochondria  and  Bax  conformational  activation  in  apoptotic  CGNs./l, 
Quantitation  of  the  percentage  of  GFP-Bax^-expressing  cells  that  demonstrated  either  a  diffuse  or  mitochondrial  localization  of 
the  fusion  protein.  The  data  shown  are  from  three  independent  experiments  in  which  —200  transfected  CGNs  were  counted  per 
experiment  (*p  <0.01  compared  with  the  25K+Ser  control).  B,  Time  course  of  GSK-3/3  activation  after  trophic  factor  withdrawal 
in  CGNs  was  measured  by  dephosphorylation  atSer9  (top  blot).  Total  GSK-3/3  was  not  significantly  altered  overthe  duration  of  the 
experiment  (bottom  blot).  All  subsequent  experiments  involved  a  4  hr  incubation  in  5K-Ser  medium,  unless  noted  otherwise.  C, 
Effects  of  dilute  acetic  acid  vehicle  (VEH)  or  IGF-I  (200  ng/ml)  on  GSK-3/3  activation  (dephosphoryiation)  in  trophic  factor-deprived 
CGNs.  NS,  Nonspecific  protein  detected  by  the  phospho-GSK-3/3  antibody,  shown  as  a  loading  control.  D,  Quantitation  of  GFP- 
Bax„-positive  CGNs  that  displayed  mitochondrial  localization  of  the  fusion  protein  in  either  control  or  apoptotic  medium  contain¬ 
ing  IGF-I  (200  ng/ml),  GSK-3/3  inhibitor  II  (10  /ulm),  or  LiCI  (20  mni).  The  results  shown  are  from  three  separate  experiments  in  which 
—200  transfected  CGNs  were  counted  per  experiment  (*p  <  0.01  compared  with  5K-Ser).  E,  Representative  images  of  the 
activation  of  endogenous  Bax  detected  immunocytochemically  in  trophic  factor-deprived  CGNs  using  an  active  conformation- 
specific  monoclonal  antibody  (clone  6A7).  Nuclei  are  stained  with  DAPI  (shown  in  blue).  Scale  bar,  10  /am.  F,  Quantitation  of  CGN 
apoptosis  and  immunoreactivity  for  active  Bax  in  cells  incubated  for  16  hr  in  control  or  apoptotic  medium  containing  either 
GSK-3/3  inhibitor  11(10  /ulm)  or  a  specific  peptide  inhibitor  of  GSK-3/3  (50  /j,m).  The  data  represent  the  results  from  three  indepen¬ 
dent  experiments  in  which  apoptosis  and  active  Bax  immunoreactivity  were  quantitated  in  —300  cells  per  condition  per  experi¬ 
ment  ( *p  <  0.01  compared  with  25K+Ser;  fp  <  0.01  compared  with  5K-Ser). 


munoprecipitated  from  HEK293  cells  at  24  hr  after  transfection 
using  a  monoclonal  antibody  to  GFP.  Equivalent  amounts  of 
immunoprecipitated  GFP-Baxa  were  then  subjected  to  in  vitro 
kinase  assays  using  purified  GSK-3/3  in  the  absence  or  presence  of 
lithium.  A  small  amount  of  phosphorylation  occurred  on  GFP- 
Baxa  in  vitro  in  the  absence  of  GSK-3/3,  and  this  increased  mark¬ 


edly  when  GSK-3/3  was  added  to  the  kinase 
reaction  (Fig.  3 B,  top).  Autophosphory¬ 
lation  of  GSK-3/3  was  also  detected  during 
the  kinase  reaction  (Fig.  3 B,  bottom).  Both 
the  autophosphorylation  of  GSK-3 ]3  and  the 
enhanced  phosphorylation  of  GFP-Baxa 
were  blocked  by  inclusion  of  lithium.  Fur¬ 
thermore,  when  GFP-Baxa  was  immuno¬ 
precipitated  from  HEK293  cells  that  had 
been  cotransfected  with  a  constitutively  ac¬ 
tive  mutant  of  GSK-3/3(S9A),  it  was  less  ef¬ 
ficiently  phosphorylated  by  GSK-3/3  in  vitro 
compared  with  GFP-Baxa  immunoprecipi¬ 
tated  from  cells  cotransfected  with  empty 
vector  (Fig.  3C).  This  latter  result  suggests 
that  fewer  Baxa  sites  were  available  for  in 
vitro  phosphorylation  after  previous  expo¬ 
sure  to  constitutively  active  GSK-3/3S9A. 
Collectively,  these  findings  indicate  that 
GFP-Baxa  is  a  substrate  for  GSK-3/3  both  in 
vitro  and  in  intact  cells. 

Next,  we  analyzed  the  ability  of 
GSK-3/3  to  phosphorylate  several  site- 
directed  mutants  of  GFP-Baxa  in  vitro. 
When  the  32P  incorporation  into  the  fu¬ 
sion  protein  was  normalized  to  the 
amount  of  GFP-Bax  immunoprecipitated 
from  transfected  HEK293  cells,  the  addi¬ 
tion  of  GSK-3/3  induced  an  —12-fold  in¬ 
crease  in  the  phosphorylation  of  wild-type 
GFP-Baxa  (Fig.  3D,  compare  lanes  1  and 
2).  A  Serl63Ala  mutant  of  GFP-Baxa  was 
not  significantly  phosphorylated  by 
GSK-3/3  in  vitro,  consistent  with  Serl63 
being  a  major  phosphorylation  site  (Fig. 
3D,  compare  lanes  2  and  3).  In  contrast, 
GFP-Baxa  mutated  at  the  putative  prim¬ 
ing  site,  Thrl67Ala,  was  efficiently  phos¬ 
phorylated  by  GSK-3/3  in  vitro  (Fig.  3D, 
lane  4),  whereas  the  double  mutant 
Serl63Ala/Thrl67Ala  showed  substan¬ 
tially  decreased  phosphorylation  relative 
to  wild-type  Baxa  (Fig.  3D,  lane  5).  Overall, 
these  data  indicate  that  the  species- 
conserved  residue  Serl63  of  Baxa  is  a  sub¬ 
strate  for  GSK-3/3-mediated  phosphoryla¬ 
tion  in  vitro.  However,  phosphorylation  of 
the  putative  priming  residue  Thrl67  is  ap¬ 
parently  not  necessary  for  GSK-3/3  to  target 
Serl63  in  vitro. 

Finally,  to  demonstrate  that  Serl63  of 
Bax  is  a  substrate  for  GSK-3/3  in  vivo,  we 
cotransfected  32P-orthophosphate-labeled 
HEK293  cells  with  wild-type  GFP-Baxa,  the 
single  Serl63Ala  mutant,  or  the  Serl63Ala/ 
Thrl67Ala  double  mutant  in  combination 
with  either  empty  vector  or  constitutively 
active  GSK-3/3S9A.  Approximately  16  hr  after  transfection,  the 
GFP-Bax  variants  were  immunoprecipitated,  immune  complexes 
were  resolved  by  SDS-PAGE,  and  phosphorylation  was  assessed  by 
autoradiography.  Cotransfection  with  GSK-3/3S9A  markedly  in¬ 
creased  the  phosphorylation  of  wild-type  GFP-Baxa  by  approxi¬ 
mately  fourfold  (Fig.  3 E,  compare  lanes  1  and  2).  In  contrast,  coex- 
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pression  with  constitutively  active  GSK-3/3 
did  not  enhance  32P  incorporation  into  ei¬ 
ther  the  single  Serl63Ala  mutant  or  the  dou¬ 
ble  mutant  of  GFP-Baxa  (Fig.  3E,  lanes  3-6). 
These  data  strongly  suggest  that  Serl63  of 
Bax  is  a  principal  substrate  for  GSK-3/3  in 
vivo  in  intact  cells. 

Constitutively  active  GSK-3/3  drives 
GFP-Bax,,  to  mitochondria  in 
transfected  HEK293  cells  and  CGNs 

To  assess  the  functional  consequences  of 
phosphorylation  by  GSK-3/3,  we  exam¬ 
ined  the  subcellular  distribution  of  GFP- 
Baxa  in  HEK293  cells  cotransfected  with 
either  empty  vector  or  FlA-tagged,  consti¬ 
tutively  active  GSK-3/3S9A.  The  majority 
of  cells  cotransfected  with  empty  vector 
showed  a  GFP-Baxa  distribution  that  was 
diffuse  over  the  entire  cell  (Fig.  4  A,  left;  B, 
top).  In  contrast,  cells  cotransfected  with 
constitutively  active  GSK-3/3S9A  showed 
a  marked  redistribution  of  GFP-Baxa  to 
organelles  that  were  structurally  identifi¬ 
able  as  mitochondria  (Fig.  4A,  right;  B, 
bottom).  These  structures  were  confirmed 
to  be  mitochondria  by  colabeling  live 
HEK293  cells  with  the  mitochondrial 
marker  TMRE.  Cells  cotransfected  with 
GSK-3/3S9A  showed  significant  colocal¬ 
ization  of  GFP-Baxa  with  TMRE-stained 
mitochondria  (Fig.  4C).  These  data  indi¬ 
cate  that  activation  of  GSK-3/3  is  sufficient 
to  trigger  localization  of  Bax  to  mitochon¬ 
dria  in  transfected  HEK293  cells. 

Next,  we  examined  the  effects  of  con¬ 
stitutively  active  GSK-3/3  on  the  localiza¬ 
tion  of  GFP-Baxa  and  induction  of  apo¬ 
ptosis  in  CGNs.  As  described  in  Figure  1, 
CGNs  cotransfected  with  GFP-Baxa  and 
empty  vector  (maintained  in  control  me¬ 
dium)  showed  a  diffuse  distribution  of  the 
Bax  fusion  protein  and  no  nuclear  con¬ 
densation  (Fig.  5 A,B,  left).  In  contrast, 
CGNs  coexpressing  GFP-Baxa  and  HA- 
GSK-3/3S9A  (maintained  in  control  me¬ 
dium)  displayed  a  punctate  localization  of 
the  Bax  fusion  protein  and  demonstrated 
significant  nuclear  condensation  and  frag¬ 
mentation  (Fig.  5 A,B,  right).  Thus,  con¬ 
stitutive  activation  of  GSK-3/3  promotes 
Bax  localization  to  mitochondria  and  in¬ 
duces  CGN  apoptosis  even  in  the  presence 
of  survival  medium. 

Serl63  is  required  for  GSK-3/3  to  induce 
Bax  translocation  and  apoptosis  in 
HEK293  cells 
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Figure  3.  GSK-3/3  phosphorylates  BaxQ  on  the  species-conserved  residue  Ser163.  A,  Amino  acid  sequence  alignment  of  Baxa 

from  human  (GenBank  accession  number  NP_6201 16),  rat  (Q63690),  mouse  (AAA03622),  and  bovine  (AAC48806).  A  conserved 
GSK-3/3  consensus  phosphorylation  motif  is  highlighted  in  bold  lettering  at  residues  Seri  63  to  Thr167.  B,  HEK293  cells  were 
transfected  with  GFP-Baxa  as  described  in  Materials  and  Methods.  At  24  hr  after  transfection,  the  fusion  protein  was  immuno- 
precipitated  from  cell  lysates  using  a  GFP  monoclonal  antibody.  Immune  complexes  were  then  subjected  to  in  vitro  kinase  assay  by 
incubating  for  30  min  at  30°C  with  purified  GSK-3/3  (50  ng)  and  [y-32P]ATP  (10  ;uCi),  in  either  the  absence  or  the  presence  of  LiCI 
(20  min).  32P  incorporation  into  GFP-Baxa  (top)  and  GSK-3/3  (bottom)  was  detected  by  autoradiography.  C,  GFP-Bax„  was 
immunoprecipitated  from  HEK293  cells  that  were  cotransfected  (Co-Tfx)  with  either  empty  vector  (pcDNA3.1)  or  constitutively 
active  GSK-3/3(S9A).  Immune  complexes  were  subjected  to  GSK-3/3  in  vitro  kinase  assay,  and  32P  incorporation  into  GFP-Baxa  was 
detected  by  autoradiography  (top).  The  membrane  was  later  immunoblotted  (IB)  for  GFP-Baxa  using  a  polyclonal  antibody  to  GFP 
to  demonstrate  transfection  and  immunoprecipitation  efficiences  (bottom).  D,  HEK293  cells  were  transfected  with  either  wild- 
type  GFP-Baxa,  the  site-directed  mutants  Seri  63Ala  or  Thr167Ala,  or  the  Ser163Ala/Thr1 67Ala  double  mutant  (SerThrDM).  At  24 
hr  after  transfection,  the  fusion  proteins  were  immunoprecipitated  using  a  GFP  monoclonal  antibody,  and  immune  complexes 
were  subjected  to  GSK-3/3  in  vitro  kinase  assay.  The  amount  of  32P  incorporation  into  each  of  the  fusion  proteins  (top)  was 
normalized  to  the  densitometric  signal  of  the  GFP  immunoblot  (bottom)  to  correct  for  differences  in  either  expression  or  immu¬ 
noprecipitation  efficiences.  The  normalized  ratio  for  wild-type  GFP-Bax„  in  the  absence  of  GSK-3/3  was  set  to  1.0,  and  all  other 
values  are  relative  to  that  control.  E,  GFP-Baxa  (wild  type,  the  single  Seri  63Ala  mutant,  or  the  Ser163Ala/Thr167Ala  double 
mutant)  was  immunoprecipitated  from  32P-orthophosphate-labeled  HEK293  cells  that  were  cotransfected  (Co-Tfx)  for  —16  hr 
with  either  empty  vector  (pcDNA3.1)  or  constitutively  active  GSK-3/3(S9A).  Immune  complexes  were  resolved  by  SDS-PAGE,  and 
32P  incorporation  into  GFP-BaxQ  was  detected  by  autoradiography. 


To  confirm  that  the  putative  GSK-3/3 
phosphorylation  site  Seri 63  is  necessary  for  Bax  localization  to 
mitochondria,  we  evaluated  the  ability  of  constitutively  active 
GSK-3/3  to  affect  the  subcellular  distribution  of  various  Bax  mu¬ 
tants  in  cotransfected  HEK293  cells.  Consistent  with  its  relative 


inefficiency  as  a  GSK-3/3  substrate  (Fig.  3 D,E),  the  Serl63Ala/ 
Thrl67Ala  double  mutant  of  GFP-Baxa  failed  to  localize  to  mi¬ 
tochondria  when  cotransfected  with  GSK-3/3S9A  (Fig.  6A). 
Quantitative  analysis  of  the  mitochondrial  localization  of  various 
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Figure  4.  Coexpression  of  GFP-Bax^  with  a  constitutively  active  mutant  of  GSK-3/3(S9A) 
induces  translocation  of  the  Bax  fusion  protein  to  mitochondria  in  transfected  HEK293  cells.  A, 
HEK293  cells  were  cotransfected  with  GFP-Baxa  and  either  empty  vector  or  HA-tagged  GSK- 
3J8S9A.  At  24  hr  after  transfection,  cotransfected  cells  were  visualized  by  staining  for  the 
epitope  tag  using  an  HA  polyclonal  antibody  and  a  Cy3-conjugated  secondary.  B,  The  areas 
demarcated  by  the  boxes  in  A  were  enlarged  300%  to  show  fine  structure.  C,  HEK293  cells  were 
cotransfected  with  GFP-Bax^  and  HA-tagged  GSK-3/3S9A.  At  24  hr  after  transfection,  cells  were 
incubated  for  30  min  with  Hoechst  dye  (to  stain  nuclei)  and  TMRE  to  label  mitochondria.  Live 
cells  were  then  visualized  with  a  63  X  water  immersion  objective,  and  digitally  deconvolved 
images  were  obtained  using  an  Axioplan  2  microscope  (Zeiss)  eguipped  with  a  Cooke  Sensicam 
deep-cooled  CCD  camera  and  a  Slidebook  software  analysis  program  for  digital  deconvolution 
(Intelligent  Imaging  Innovations).  Cotransfection  with  GSK-3/3S9A  induced  a  marked  redistri¬ 
bution  of  GFP-Bax^  that  showed  significant  colocalization  with  the  mitochondrial  marker 
TMRE.  The  images  shown  are  representative  of  data  obtained  in  two  independent  experiments. 
Scale  bars,  10  ju,m. 


GFP-Baxa  mutants  is  shown  in  Figure  6  B.  Cotransfection  of 
wild-type  GFP-Baxa  with  GSK-3/3S9A  induced  a  statistically  sig¬ 
nificant  increase  in  the  mitochondrial  localization  of  the  fusion 
protein.  In  contrast,  the  single  alanine  substitution  mutants  at 
Serl63  and  Thrl67,  as  well  as  the  Serl63/Thrl67  double  Ala  mu¬ 
tant,  were  predominantly  cytosolic  regardless  of  the  presence  of 
GSK-3j8S9A. 

The  above  results  parallel  the  phosphorylation  data  shown  in 
Figure  3D,  except  for  the  single  Thrl67Ala  mutant  that  was 
phosphorylated  by  GSK-3j3  in  vitro  but  failed  to  localize  to 
mitochondria  in  intact  cells.  This  apparent  discrepancy  may 
reflect  a  physiological  necessity  for  priming  in  order  for  Bax  to 
be  phosphorylated  by  GSK-3/3  in  vivo.  The  high  concentration 
of  GSK-3/3  added  to  the  in  vitro  kinase  reaction  most  likely 
circumvented  this  requirement.  Alternatively,  it  is  possible 
that  an  additional  docking  site  for  GSK-3/3  exists  on  Bax  dis¬ 
tinct  from  the  phosphorylated  threonine  at  position  (+4)  rel¬ 
ative  to  Serl63  (Biondi  and  Nebreda,  2003). 

Additional  evidence  implicating  Seri 63  as  a  critical  residue  in 
the  regulation  of  Bax  function  was  acquired  from  analysis  of  the 
various  Bax  isoforms  (Oltvai  et  al.,  1993).  In  particular,  a  recently 
described  isoform,  human  Bax  cr  (BaxCT)  (Schmitt  et  al.,  2000),  is 
nearly  identical  to  Baxa,  except  it  lacks  residues  159-171,  which 
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Figure  5.  Cotransfection  of  CGNs  with  GFP-Bax^  and  a  constitutively  active  mutant  of  GSK- 
3/S(S9A)  induces  translocation  of  the  Bax  fusion  protein  to  mitochondria  and  triggers  CGN 
apoptosis.  A,  CGNs  were  cotransfected  with  GFP-Bax^  and  either  empty  vector  or  HA-tagged 
GSK-3/3S9A  using  the  Helios  Gene-Gun  system,  as  described  in  Materials  and  Methods.  At  48  hr 
after  transfection,  cotransfected  cells  were  maintained  in  control  medium  and  were  visualized 
by  staining  forthe  epitope  tag  using  an  HA  polyclonal  antibody  and  a  Cy3-conjugated  secondary 
antibody.  The  images  shown  are  composites  of  four  to  six  fields  captured  with  a  63  X  oil 
objective  to  give  a  representative  view  of  the  localization  of  the  Bax  fusion  protein  in  the 
absence  or  presence  of  constitutively  active  GSK-3/3. 8,  The  areas  demarcated  by  the  boxes  in  A 
were  enlarged  300%  to  show  fine  structure.  Scale  bars,  1 0  /urn. 


encompass  the  putative  GSK-3/3-regulated  site  Serl63  (Fig.  6C). 
Like  the  Serl63Ala  point  mutant  of  Baxa,  HEK293  cells  cotrans¬ 
fected  with  GFP-Bax^  and  HA-GSK-3/3S9A  demonstrated  a  dif¬ 
fuse  localization  of  the  Bax  fusion  protein  with  little  accumula¬ 
tion  in  mitochondria  (Fig.  6B,C). 

Finally,  in  agreement  with  the  mitochondrial  localization  of 
Bax  triggering  the  intrinsic  death  pathway,  the  amount  of  apo¬ 
ptosis  induced  in  transfected  HEK293  cells  reflected  the  ability  of 
GSK-3/3S9A  to  drive  wild-type  Baxa,  but  not  the  Serl63Ala  Baxa 
single  mutant,  the  Serl63Ala/Thrl67Ala  Baxa  double  mutant,  or 
BaxCT,  to  mitochondria  (Fig.  6 D).  These  data  indicate  that  phos¬ 
phorylation  of  Serl63  on  Bax  by  GSK-3/3  promotes  the  localiza¬ 
tion  of  Bax  to  mitochondria  and  induction  of  apoptosis  in  trans¬ 
fected  FIEK293  cells. 


10000  •  J.  Neurosci.,  November  3, 2004  •  24(44):9993-10002 


Linseman  et  al.  •  GSK-3/3  Triggers  Mitochondrial  Translocation  of  Bax 


A  GFP-Bax„( 

S163A/T167A) 

+pcDNA3.1 

+HA-GSK-3QS9A 

HA/DAPI  — 

GFP-Baxa/DAPI 

+HA-GSK-3J3S9A 

+  J 

GFP-Bax,, 

B 


50 


a«H 

h_ 

■O 

§  30-1 
.c 
o 

2  20- 

s 

3s  10-1 


xl 


CDpcDNA3.1 

DGSK-3|3S9A 


—  f3"1  —  <Sa 


a 

sg 

(V<t 

*5 

rcQ 

<0 

CO 

ttk 

Q.T- 

Q.K 

i 

os 

0(g 

o/5 

Otg 

O 

JO)  ■OO)  SO)  JO) 

as  £§  9§  88 

Op  C^~  yZ (V)  op<*r 

AJe  9*  **  Oiie 

U.  co  i?n  *Pco  CO 

Wo  £o  ao  uo 

aj  u. 
a  o 
u. 
o 


Figure  6.  The  ability  of  constitutively  active  GSK-3/3  to  promote  the  mitochondrial  translocation  of  GFP-Baxa  in  transfected 
HEK293  cells  is  dependent  on  Ser163.  A,  HEK293  cells  were  cotransfected  with  the  Ser163Ala/Thr167Ala  double  mutant  of  GFP- 
Baxa  and  either  empty  vector  or  HA-tagged  GSK-3/3S9A.  Cotransfected  cells  were  visualized  by  staining  for  the  HA  epitope  tag.  B, 
Quantitation  of  the  percentage  of  transfected  HEK293  cells  demonstrating  a  mitochondrial  distribution  of  the  GFP— Bax  variants 
[wild-type  a,  Ser163Alaa,Thr167Alaa,  Ser163Ala/Thrl  67Alaa  (SerThrDM),  and  Baxcr  (Gen  Bank  accession  number  AAF71267)] 
after  cotransfection  with  either  empty  vector  or  HA-GSK-3/3S9A.  Data  represent  the  means  ±  SEM  of  at  least  three  separate 
experiments  for  each  Bax  variant  in  which  —200  transfected  cells  were  counted  per  experiment  (*p  <  0.01  compared  with 
cotransfection  of  the  same  fusion  protein  with  empty  vector).  C,  Partial  sequence  alignment  of  human  Baxn  and  human  Bax^ 
including  amino  acids  121-180.  Representative  images  of  HEK293  cells  cotransfected  with  GFP-Bax(T  (lacking  Baxa  residues 
159-171)  and  HA-GSK-3JSS9A  are  shown.  D,  Quantitation  of  HEK293  cell  apoptosis  at  48  hr  after  transfection  with  the  indicated 
constructs.  The  results  shown  are  the  means  ±  SEM  [n  =  4  transfected  wells  per  group  from  a  total  of  2  separate  experiments). 
*p  <  0.01,  GFP-Baxa  significantly  different  from  GFP;  <  0.01,  GFP-Baxa+GSK-3jSS9A  significantly  different  from  GFP-Bax„ 
alone;  *p  <  0.01,  significantly  different  from  GFP-Baxa  (wild  type)  +  GSK-3 /3S9A.  DM,  Ser163Ala/Thr167Ala  double  mutant. 
Scale  bars:  A,  C,  10  ;u,m. 


Bax  translocation  to  mitochondria  in 
apoptotic  CGNs  requires  Serl63 

To  determine  whether  the  mechanistic 
data  obtained  in  transfected  HEK293  cells 
reflects  the  regulation  of  Bax  in  primary 
neurons,  we  investigated  the  localization 
of  Bax  variants  lacking  Seri  63  in  CGNs 
undergoing  apoptosis.  As  described  in 
Figure  1,  CGNs  deprived  of  trophic  sup¬ 
port  demonstrate  a  marked  translocation 
of  GFP-Baxa  from  the  cytosol  to  mito¬ 
chondria  and  significant  nuclear  conden¬ 
sation  and  fragmentation  (Fig.  7A,B,  top 
left).  In  contrast,  the  Serl63Ala  single  mu¬ 
tant  of  GFP-Baxa,  the  Serl63Ala/ 

Thrl67Ala  double  mutant  of  GFP-Baxa, 
or  GFP-BaxCT  did  not  localize  to  mito¬ 
chondria  in  trophic  factor-deprived 
CGNs  (Fig.  7 A,B,  top  right  and  bottom). 

Neurons  expressing  these  Bax  mutants 
were  still  induced  to  undergo  apoptosis, 
indicated  by  their  condensed  and  frag¬ 
mented  nuclei,  because  of  translocation  of 
endogenous  Bax  (Fig.  7  A,B,  top  right  and 
bottom).  Quantitation  of  the  mitochon¬ 
drial  localization  of  each  of  these  Bax  vari¬ 
ants  is  shown  in  Figure  7C.  Trophic  factor 
withdrawal  induced  a  fourfold  increase  in 
the  percentage  of  GFP-Baxa-transfected 
CGNs  that  displayed  a  mitochondrial  lo¬ 
calization  of  the  fusion  protein.  In  con¬ 
trast,  Bax  variants  lacking  Seri 63  showed 
no  significant  translocation  to  mitochon¬ 
dria  in  CGNs  undergoing  apoptosis. 

These  data  suggest  that  expression  of  Bax 
variants  that  fail  to  translocate  to  mito¬ 
chondria  does  not  impede  the  activation 
of  endogenous  Bax  and  its  ability  to  sub¬ 
sequently  trigger  apoptosis  in  CGNs. 

Moreover,  these  results  corroborate  the 
data  obtained  in  transfected  FIEK293  cells 
and  support  the  conclusion  that  phos¬ 
phorylation  of  Bax  on  Serl63  by  GSK-3/3 
is  required  for  translocation  of  this  pro- 
apoptotic  protein  to  mitochondria  in  neurons  undergoing 
apoptosis. 

Discussion 

In  the  present  study,  we  have  identified  the  pro-apoptotic  Bcl-2 
family  member  Bax  as  a  novel  substrate  of  GSK-3/3  in  cultured 
neurons  undergoing  apoptosis.  We  present  several  lines  of  evi¬ 
dence  indicating  that  phosphorylation  by  GSK-3/3  regulates  the 
subcellular  localization  of  Bax  during  neuronal  apoptosis.  First, 
inhibitors  of  GSK-3/3  activity  blunt  the  translocation  of  Bax  to 
mitochondria  and  suppress  the  conformational  activation  of  Bax 
in  CGNs  undergoing  apoptosis.  Second,  GSK-3/3  directly  phos- 
phorylates  Bax  on  Serl63  within  a  species-conserved,  putative 
GSK- 3/8  phosphorylation  motif,  and  this  phosphorylation  occurs 
both  in  vitro  and  in  vivo  in  intact  cells.  Third,  constitutive  activa¬ 
tion  of  GSK-3/3  drives  Bax  to  mitochondria  and  promotes  apo¬ 
ptosis  of  transfected  FIEK293  cells  and  CGNs.  Finally,  Bax  vari¬ 
ants  lacking  Serl63  fail  to  localize  to  mitochondria  in  CGNs 
undergoing  apoptosis.  These  data  are  the  first  to  identify  a  com¬ 


ponent  of  the  intrinsic  apoptotic  cascade  as  a  direct  target  of 
GSK-3 /8  action.  These  findings  also  provide  a  molecular  mecha¬ 
nism  for  the  pro-apoptotic  function  of  GSK-3/3  in  neurons.  Fi¬ 
nally,  these  results  are  the  first  to  demonstrate  that  Bax  function 
in  neurons  is  regulated  by  phosphorylation. 

The  identification  of  Serl63  as  a  pivotal  residue  involved  in 
the  translocation  of  Bax  to  mitochondria  is  consistent  with  recent 
work  by  Schinzel  et  al.  (2004),  who  showed  that  mutation  of 
Prol68,  a  residue  immediately  C  terminal  to  the  putative  GSK-3/3 
phosphorylation  motif  (Serl63XXXThrl67),  similarly  prevents 
Bax  localization  to  mitochondria  in  fibroblasts  exposed  to  stau- 
rosporine.  These  authors  suggest  that  Prol68  maybe  the  target  of 
a  posttranslational  modification  that  modulates  the  Bax  confor¬ 
mational  change  and  subcellular  localization  (Schinzel  et  al., 
2004).  Our  results  suggest  another  possibility:  that  Pro  168  may 
be  required  to  target  the  pro-directed  kinase  GSK-3/3  to  phos- 
phorylate  Bax  at  Serl63.  Future  experiments  will  determine 
whether  a  Pro  168  mutant  of  Bax  is,  in  fact,  a  poor  substrate  for 
GSK-3/3. 


Linseman  et  al.  •  GSK-3/3  Triggers  Mitochondrial  Translocation  of  Bax 


J.  Neurosci.,  November  3, 2004  •  24(44):9993-10002  •  10001 


Figure  7.  Bax  variants  lacking  Ser163  fail  to  localize  to  mitochondria  in  CGNs  undergoing 
apoptosis.  A,  CGNs  were  transfected  using  the  Helios  Gene-Gun  with  wild-type  GFP-Baxa,  the 
GFP-BaxQ  Ser163Ala  single  mutant  or  the  Seri  63Ala/Thr167Ala  double  mutant  (DM),  or  GFP- 
Bax(T.  At  48  hr  after  transfection,  neurons  were  switched  to  apoptotic  medium  (5K-Ser)  for  4  hr. 
CGNs  were  then  fixed,  and  nuclei  were  stained  with  Hoechst  dye.  The  images  shown  are  com¬ 
posites  of  four  to  six  fields  captured  with  a  63  X  oil  objective  to  give  a  representative  view  of  the 
localization  of  the  various  fusion  proteins.  B,  The  regions  demarcated  by  the  boxes  in  A  were 
enlarged  250%  to  magnify  the  fusion  protein  distributions  and  nuclear  morphologies.  C,  Quan¬ 
titation  ofthefraction  oftransfected  CGNs  showing  a  mitochondrial  distribution  oftheGFP— Bax 
variants  [wild-type  a,  Ser163Alaa,  Ser163Ala/Thr167Alaa  (SerThrDM),  and  BaxJ  after  incu¬ 
bation  in  either  control  orapoptotic  medium.  Data  representthe  means  ±  SEM  of  at  leastthree 
separate  experiments  with  each  Bax  variant  in  which  —200  transfected  CGNs  were  counted  per 
experiment.  *p  <  0.01  compared  with  wild-type  a  incubated  in  control  medium;  fp  <  0.01 
compared  with  GFP-Bax^  (wild  type)  in  apoptotic  medium.  Scale  bars:  A,B,  1 0  /nm. 


Our  finding  that  Bax  is  a  direct  target  of  GSK-3j3  comple¬ 
ments  a  recent  study  by  Watcharasit  et  al.  (2003)  showing  that 
GSK-3/3  indirectly  stimulates  the  transcription  of  Bax  via  regula¬ 
tion  of  p53  activity.  Collectively,  these  results  suggest  that 
GSK-3/3  modulates  Bax  expression  and  function  at  the  transcrip¬ 
tional  and  posttranslational  levels,  respectively,  to  promote  mi¬ 
tochondrial  apoptosis. 

Where  and  how  GSK-3/3  and  Bax  interact  in  neurons  remains 
to  be  investigated.  Previous  studies  examining  the  interactions  of 
GSK-3/3  with  /3-catenin  have  revealed  that  the  kinase  is  brought 
in  close  proximity  to  its  substrate  by  their  interactions  with  the 
axin-adenomatous  polyposis  coli  scaffold  complex  (Hart  et  al., 
1998).  Similarly,  GSK-3/3  and  tau  interact  via  their  common  as¬ 
sociation  with  cytosolic  scaffolding  proteins  of  the  14-3-3  family 
(Agarwal-Mawal  et  al.,  2003).  Because  cytosolic  Bax  was  shown 
recently  to  interact  with  14-3-3  proteins  (Nomura  et  al.,  2003),  it 


is  possible  that  14-3-3  scaffolds  also  mediate  the  interaction  of 
GSK-3/3  with  Bax. 

The  current  finding  that  GSK-3/3  phosphorylates  and  regu¬ 
lates  Bax  function  impacts  on  several  recent  reports.  First,  activa¬ 
tion  of  AKT  was  reported  to  inhibit  Bax  conformational  change 
in  B-cells  subjected  to  cytokine  withdrawal  (Yamaguchi  and 
Wang,  2001)  and  Bax  translocation  to  mitochondria  in  COS-1 
cells  incubated  with  staurosporine  (Tsuruta  et  al.,  2002).  Al¬ 
though  there  is  no  consensus  AKT  phosphorylation  site  on  Bax, 
Gardai  et  al.  (2004)  recently  reported  that  Bax  is  phosphorylated 
in  neutrophils  on  the  C-terminal  Serl84  in  an  AKT-dependent 
manner.  Furthermore,  they  suggest  that  this  phosphorylation 
event  inhibits  the  pro-apoptotic  action  of  Bax  in  neutrophils.  Our 
results  indicate  that  the  ability  of  AKT  to  modulate  Bax  confor¬ 
mation  and  movement  in  these  non-neuronal  cells  may  also  in¬ 
volve  regulation  of  GSK-3/3  activity.  Second,  Somervaille  et  al. 
(2001)  reported  that  lithium  prevents  the  conformational  change 
in  Bax  in  human  erythroid  progenitor  cells  deprived  of  growth 
factors.  Although  they  related  this  effect  to  inhibition  of  GSK-3/3 
activity,  these  authors  did  not  show  that  Bax  is  a  direct  substrate 
of  GSK-3/3.  Given  the  coincident  activation  of  Bax  and  GSK-3/3 
in  many  models  of  apoptosis,  it  is  likely  that  the  interaction  of 
these  two  molecules  acts  as  a  common  trigger  for  activation  of  the 
intrinsic  death  pathway. 

Precisely  how  phosphorylation  of  Bax  by  GSK-3/3  stimulates 
Bax  movement  to  mitochondria  will  require  further  investiga¬ 
tion.  There  are  several  potential  events  that  could  be  influenced 
by  Bax  phosphorylation.  The  phosphorylation  may  alter  the  con¬ 
formation  of  Bax  and  facilitate  its  ability  to  oligomerize  or  to 
incorporate  into  the  outer  mitochondrial  membrane.  Indeed,  we 
found  that  peptide  and  non-peptide  inhibitors  of  GSK-3/3  activ¬ 
ity  effectively  blocked  the  conformational  change  of  endogenous 
Bax  induced  by  trophic  factor  deprivation  in  CGNs.  Alterna¬ 
tively,  phosphorylation  may  decrease  the  affinity  of  Bax  for  cyto¬ 
solic  anchoring  proteins  like  14-3-3.  Conversely,  the  affinity  of 
Bax  for  mitochondrial  membrane  proteins  may  be  enhanced  by 
phosphorylation,  thus  promoting  its  targeting  to  mitochondria. 
Additional  elucidation  of  the  mechanism  by  which  GSK- 3/3- 
mediated  phosphorylation  regulates  Bax  function  may  reveal 
novel  targets  for  inhibiting  neuronal  apoptosis. 
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Abstract 

Rho  GTPases  are  key  transducers  of  integrin/extracellular 
matrix  and  growth  factor  signaling.  Although  integrin-mediated 
adhesion  and  trophic  support  suppress  neuronal  apoptosis, 
the  role  of  Rho  GTPases  in  neuronal  survival  is  unclear.  Here, 
we  have  identified  Rac  as  a  critical  pro-survival  GTPase  in 
cerebellar  granule  neurons  (CGNs)  and  elucidated  a  death 
pathway  triggered  by  its  inactivation.  GTP-loading  of  Racl 
was  maintained  in  CGNs  by  integrin-mediated  (RGD- 
dependent)  cell  attachment  and  trophic  support.  Clostridium 
difficile  toxin  B  (ToxB),  a  specific  Rho  family  inhibitor,  induced 
a  selective  caspase-mediated  degradation  of  Racf  without 
affecting  RhoA  or  Cdc42  protein  levels.  Both  ToxB  and 
dominant-negative  N17Rac1  elicited  CGN  apoptosis, 
characterized  by  cytochrome  c  release  and  activation  of 


caspase-9  and  -3,  whereas  dominant-negative  N19RhoA  or 
N17Cdc42  did  not  cause  significant  cell  death.  ToxB  stimu¬ 
lated  mitochondrial  translocation  and  conformational  activa¬ 
tion  of  Bax,  c-Jun  activation,  and  induction  of  the  BH3-only 
protein  Bim.  Similarly,  c-Jun  activation  and  Bim  induction  were 
observed  with  N17Rac1.  A  c-jun  N-terminal  protein  kinase 
(JNK)/p38  inhibitor,  SB203580,  and  a  JNK-specific  inhibitor, 
SP600125,  significantly  decreased  ToxB-induced  Bim 
expression  and  blunted  each  subsequent  step  of  the  apoptotic 
cascade.  These  results  indicate  that  Rac  acts  downstream  of 
integrins  and  growth  factors  to  promote  neuronal  survival  by 
repressing  c-Jun/Bim-mediated  mitochondrial  apoptosis. 
Keywords:  Bax,  BH3-only,  c-jun  N-terminal  protein  kinase, 
neuronal  survival,  Rho  GTPase. 
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Apoptosis  is  a  form  of  programmed  cell  death  that  plays  an 
essential  role  in  the  development  of  the  central  nervous 
system  by  mediating  the  removal  of  redundant  neuronal 
populations  (Lossi  and  Merighi  2003).  However,  aberrant 
neuronal  apoptosis  contributes  to  the  onset  and  progression 
of  several  devastating  neurodegenerative  disorders,  including 
Parkinson’s  disease  and  amyotrophic  lateral  sclerosis  (Inoue 
et  al.  2003;  Tatton  et  al.  2003).  Consequently,  identification 
of  molecular  pathways  that  regulate  neuronal  apoptosis  is 
key  to  developing  novel  therapeutics  that  slow  or  halt  these 
neurodegenerative  diseases. 

One  well-studied  in  vitro  system  used  to  investigate 
neuronal  apoptosis  is  cultured  cerebellar  neurons  from  early 
(day  7)  post-natal  rats.  Cerebellar  granule  neurons  (CGNs) 
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require  both  serum-derived  growth  factors  (e.g.  insulin-like 
growth  factor-I)  and  depolarization-mediated  Ca2+  influx  for 
their  survival  in  vitro  (D’Mello  et  al.  1993).  CGNs  deprived 
of  serum  growth  factors  and  depolarizing  extracellular 
potassium  (K  ex)  undergo  a  rapid  cell  death  that  involves 
induction  of  the  BH3-only  protein,  Bim,  and  activation  of  an 
intrinsic  (mitochondrial)  apoptotic  cascade  (Gerhardt  et  al. 
2001;  Linseman  et  al.  2002b). 

In  addition  to  growth  factors  and  activity-dependent  Ca2+ 
influx,  neurons  also  depend  on  survival  signals  originating  at 
sites  of  cell  attachment  to  the  extracellular  matrix  (ECM). 
Cell-matrix  adhesion  is  mediated  via  binding  of  heterodi- 
meric  integrin  receptors  to  their  ECM  ligands.  The  activated 
(ligand-bound)  integrins  stimulate  multiple  survival  signals, 
including  AKT-  and  ERK-dependent  pathways,  by  interact¬ 
ing  with  partner  proteins  via  their  cytoplasmic  domains 
(Stupack  and  Cheresh  2002). 

Rho  family  GTPases  are  monomeric  G-proteins  that  act  as 
key  transducers  of  integrin/ECM  signaling  (Parise  et  al. 
2000;  Schwartz  and  Shattil  2000;  Arthur  et  al.  2002)  and 
growth  factor  signaling  (Huang  and  Reichardt  2003;  Bur- 
ridge  and  Wennerberg  2004).  These  G-proteins  are  involved 
in  a  diverse  array  of  biological  functions,  including  cyto- 
skeletal  dynamics,  membrane  trafficking,  cell  cycle  progres¬ 
sion,  gene  transcription,  adhesion,  migration,  and  cell 
survival  (Etienne-Manneville  and  Hall  2002;  Burridge  and 
Wennerberg  2004).  The  three  most  studied  family  members 
include  Rho  A,  Racl,  and  Cdc42. 

Despite  the  essential  roles  that  Rho  family  GTPases  play 
in  mediating  survival  signaling  by  integrins  and  growth 
factors,  the  potential  of  these  G-proteins  to  promote  neuronal 
survival  has  largely  been  unexplored.  We  have  previously 
utilized  Clostridial  toxins,  which  act  as  highly  specific 
inhibitors  of  Ras  and  Rho  family  GTPases  (Busch  and 
Aktories  2000),  to  demonstrate  a  critical  function  for  these 
G-proteins  in  maintaining  CGN  survival  (Linseman  et  al. 
2001a).  In  particular,  Clostridium  difficile  toxin  B  (ToxB) 
and  Clostridium  sordellii  lethal  toxin  (LTox),  are  large 
Clostridial  toxins  that  specifically  mono-glucosylate  a  critical 
threonine  residue  conserved  in  the  switch  1  region  of  Ras 
and  Rho  family  members.  The  substrate  specificities  for  these 
two  toxins  include  Rho,  Rac,  and  Cdc42  for  ToxB  and  Rac, 
Cdc42  (to  a  lesser  extent  than  Rac),  Ras,  and  Rap  for  LTox 
(Just  et  al.  1995;  Genth  et  al.  1996;  Popoff  et  al.  1996; 
Hofmann  et  al.  1998;  Djouder  et  al.  2000).  Incubation  of 
CGNs  with  either  of  these  toxins  induces  substantial 
apoptosis,  whereas  the  Rho-specific  inhibitor,  Clostridium 
botulinum  C3  fusion  toxin  (Barth  et  al.  1998),  does  not 
promote  CGN  death.  From  these  data,  we  previously 
concluded  that  Clostridial  toxins  with  overlapping  specifici¬ 
ties  for  inhibiting  Rac  and  Cdc42  GTPases  are  capable  of 
inducing  apoptosis  of  CGNs,  suggesting  a  key  role  for  one  or 
both  of  these  specific  G-proteins  in  promoting  CGN  survival 
(Linseman  et  al.  2001a). 


In  the  present  study,  we  have  utilized  adenoviral  domin¬ 
ant-negative  mutants  of  RhoA,  Rac  1 ,  and  Cdc42  to  expli¬ 
citly  identify  Rac  as  the  essential  pro-survival  GTPase  in 
CGNs.  In  addition,  we  have  elucidated  a  death  pathway 
triggered  in  CGNs  by  antagonism  of  Rac  and  detennined  that 
it  is  dependent  on  a  c-Jun-driven  induction  of  Bim  and  the 
subsequent  activation  of  a  mitochondrial  apoptotic  cascade. 
Our  findings  suggest  a  critical  role  for  Rac  as  an  endogenous 
suppressor  of  c-Jun/Bim-dependent  mitochondrial  apoptosis 
in  healthy  neurons. 

Experimental  procedures 

Materials 

Reagents  for  measurement  of  GTP-bound  Rac,  including  agarose- 
conjugated  PAK-protein  binding  domain,  were  obtained  from 
Upstate  Biotechnology  (Charlottesville,  VA,  USA)  and  Cytoskele- 
ton  Inc.  (Denver,  CO,  USA).  Monoclonal  antibodies  to  Racl  (clone 
102;  1  :  1000),  Rho  (clone  55;  1  :  250),  Cdc42  (clone  44;  1  :  250), 
and  a  polyclonal  to  cyt  C  oxidase  subunit  IV  (COXIV)  were  from 
BD  Biosciences  Clontech  (Palo  Alto,  CA,  USA).  C.  difficile  toxin  B 
was  isolated  and  prepared  as  previously  described  (von  Eichel- 
Streiber  et  al.  1987).  Hoecsht  dye  number  33258  and  4',6-diamidino- 
2-phenylindole  (DAPI)  were  from  Sigma  (St  Louis,  MO,  USA). 
SB203580,  SP600125,  the  pan-caspase  inhibitors,  Boc-Asp(OMe)- 
FMK  and  zVAD-FMK,  the  caspase-9-selective  inhibitor,  zLEHD- 
FMK,  the  proteasome  inhibitor,  MG132,  and  RGD  and  RAD 
peptides  were  from  Calbiochem  (San  Diego,  CA,  USA).  Rabbit 
polyclonal  antibodies  to  Bim  (FL-198;  1  :  250)  and  cytochrome  c 
(H-104;  1  :  200)  were  obtained  from  Santa  Cmz  Biotechnology 
(Santa  Cruz,  CA,  USA).  Polyclonal  antibodies  to  the  active 
fragment  of  caspase-9  were  purchased  from  Santa  Cmz  (H-83; 
1  :  200  for  western  blotting)  and  from  Cell  Signaling  Technology 
(1  :  500;  Beverly,  MA)  for  immunocytochemistry.  Polyclonal 
antibodies  to  active  caspase-3  were  from  Santa  Cruz  (H-227; 
1  :  250  for  western  blotting)  and  Promega  (rabbit  pAb;  1  :  500; 
Madison,  WI,  USA)  for  immunocytochemistry.  A  plasmid  encoding 
an  amino-terminal  GFP  fusion  protein  of  human  Bax„  was  kindly 
provided  by  Dr  R.  J.  Youle  (NINDS,  NIH,  Bethesda,  MD,  USA). 
Monoclonal  antibody  to  the  active  conformation  of  Bax  (clone  6A7; 

1  :  1000)  was  purchased  from  Alexis  Biochemicals  (San  Diego, 
CA,  USA).  Rabbit  polyclonal  antibody  to  c-Jun  (1  :  1000)  was  from 
Cell  Signaling  Technology.  Horseradish  peroxidase-linked  secon¬ 
dary  antibodies  and  reagents  for  enhanced  chemiluminescence 
detection  were  obtained  from  Amersham  Biosciences  (Piscataway, 
NJ,  USA).  Cy3 -conjugated  secondary  antibodies  for  immunofluo¬ 
rescence  were  from  Jackson  Immunoresearch  Laboratories  (West 
Grove,  PA,  USA). 

CGN  culture 

Rat  CGNs  were  isolated  from  7-day-old  Sprague-Dawley  rat  pups 
(15-19  g)  as  described  previously  (Li  et  al.  2001).  Briefly,  neurons 
were  plated  on  35-mm  diameter  plastic  dishes  coated  with  poly- 
L-lysine  at  a  density  of  2.0  X  106  cells/mL  in  basal  modified 
Eagle’s  medium  containing  10%  fetal  bovine  serum,  25  mM  KC1, 

2  mM  L-glutamine,  and  penicillin  (100  units/mL)/streptomycin 
(100  pg/mL)  (Life  Technologies,  Grand  Island,  NY,  USA).  Cytosine 
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arabinoside  (10  |_im)  was  added  to  the  culture  medium  24  h  after 
plating  to  limit  the  growth  of  non-neuronal  cells.  These  cultures 
are  highly  homogeneous,  consisting  of  approximately  95-98% 
cerebellar  granule  neurons  (CGNs)  with  the  remainder  being 
primarily  made  up  of  Purkinje  neurons  (Linseman  et  al.  2002a). 
In  general,  experiments  were  perfonned  after  6-7  days  in  culture. 

Cell  lysis  and  immunoblotting 

Following  incubation,  the  culture  medium  was  aspirated,  cells  were 
washed  once  with  2  mL  of  ice-cold  PBS  (pH  7.4  ),  placed  on  ice  and 
scraped  into  lysis  buffer  (200  pL/35-mm  well)  containing  20  mM 
HEPES  (pH  7.4),  1%  Triton  X-100,  50  him  NaCl,  1  mM  EGTA, 
5  mM  (S-glycerophosphate,  30  mM  sodium  pyrophosphate,  100  pM 
sodium  orthovanadate,  10  pg/mL  leupeptin,  and  10  pg/mL  aproti- 
nin.  In  the  case  of  subcellular  fractionation  to  isolate  a  mitochondrial 
pellet,  CGNs  were  lysed  and  fractionated  according  to  the 
manufacturer's  directions  using  a  commercially  available  mitochon¬ 
dria/cytosol  fractionation  kit  (  Alexis  Biochemicals).  Cell  debris  was 
removed  by  centrifugation  at  600  g  for  3  min  and  the  protein 
concentration  of  the  supernatant  was  determined  using  a  commer¬ 
cially  available  protein  assay  kit  (Pierce,  Rockford,  IL,  USA). 
Aliquots  (~80  pg)  of  supernatant  protein  were  diluted  to  a  final 
concentration  of  1  x  sodium  dodecyl  sulfate  -  polyacrylamide  gel 
electrophoresis  (SDS-PAGE)  sample  buffer,  boiled  for  5  min,  and 
electrophoresed  through  12.5  or  15%  polyacrylamide  gels.  Proteins 
were  transferred  to  polyvinylidene  difluoride  (PVDF)  membranes 
(Amersham  Biosciences)  and  processed  for  immunoblot  analysis. 

Non-specific  binding  sites  were  blocked  in  phosphate-buffered 
saline  (PBS;  pH  7.4)  containing  0.1%  Tween  20  (PBS-T)  and  1% 
bovine  serum  albumin  (BSA)  for  1  h  at  room  temperature  (22°C). 
Primary  antibodies  were  diluted  in  blocking  solution  and  incubated 
with  the  membranes  for  1  h.  Excess  primary  antibody  was  removed 
by  washing  the  membranes  three  times  in  PBS-T.  The  blots  were 
then  incubated  with  the  appropriate  horseradish  peroxidase-conju¬ 
gated  secondary  antibody  diluted  in  PBS-T  for  1  h  and  were 
subsequently  washed  three  times  in  PBS-T.  Immunoreactive 
proteins  were  detected  by  enhanced  chemiluminescence.  Autolu- 
minograms  shown  are  generally  representative  of  at  least  three 
independent  experiments. 

BD  PowerBlot™  analysis 

CGN  lysates  were  pooled  from  three  separate  cell  isolations 
following  incubation  for  24  h  with  either  vehicle  (2  pg/mL  BSA, 
final  concentration)  or  ToxB  (40  ng/mL,  final  concentration). 
Lysates  were  prepared  according  to  the  manufacturer’s  instructions 
followed  by  western  blotting  with  a  PowerBlot™  array  of  over  1000 
monoclonal  antibodies  (BD  Biosciences).  Raw  data  in  the  form  of 
image  files  of  the  actual  blots  and  densitometric  measurements  of 
the  immunoreactive  proteins  were  obtained  from  the  manufacturer. 
The  blots  and  densitometric  results  shown  for  Racl,  RhoA,  and 
Cdc42  are  representative  of  a  2  X  2  comparison  of  duplicate  control 
and  ToxB  lysates. 

Adenoviral  preparation  and  infection 

Adenoviral  dominant-negative  Rho  family  GTPases  were  con¬ 
structed  as  previously  described  (Allen  et  al.  2002).  Briefly,  Racl, 
RhoA,  and  Cdc42  were  cloned  from  a  mouse  cDNA  library. 
Dominant-negative  (T17N  or  T19N)  mutations  were  generated  by 


PCR-based  site-directed  mutagenesis.  Adenoviral  GFP,  GFP/ 
N17Racl,  GFP/N17Cdc42,  and  GFP/N19RhoA  were  generated 
using  the  AdEasy  system  (Qbiogene  Inc.,  Carlsbad,  CA,  USA). 
The  produced  adenoviruses  express  both  GFP  and  the  respective 
dominant-negative  Rho  family  mutant.  CGN  cultures  were 
infected  on  day  4  in  vitro  with  adenoviruses  at  a  final  titer  of  50 
infectious  particles  per  cell.  Using  these  conditions,  the  adenovi¬ 
ruses  infected  approximately  15-20%  of  the  CGNs  in  the  cultures. 
At  72  h  post-infection,  CGNs  were  fixed  in  parafonnaldehyde  and 
nuclei  were  stained  with  Hoechst  dye  for  quantitation  of  apoptosis. 
Alternatively,  cell  lysates  of  infected  cells  were  prepared  for 
immunoblot  analysis.  Because  of  the  mechanisms  involved  in 
infecting  primary  neurons,  CGNs  require  at  least  48  h  for  infection 
to  be  effective  (based  on  visualization  of  GFP  fluorescence). 
Therefore,  infecting  them  for  72  h  is  essentially  equivalent  to 
exposing  the  cells  for  approximately  24  h  to  the  dominant  negative 
mutant. 

Rac  GTP-binding  assays 

CGNs  were  either  deprived  of  serum  and  depolarizing  K+ex  for  up  to 
4  h,  detached  from  the  culture  plate  by  scraping  for  various  times 
from  15  min  to  4  h,  or  incubated  for  8  h  with  one  of  two  small 
peptides,  H-Gly-Arg-Ala-Asp-Ser-Pro-OH  (RAD;  negative  control, 
10  mM)  or  H-Gly-Arg-Gly-Asp-Ser-Pro-OH  (RGD;  10  mM).  Cells 
were  lysed  by  homogenization  in  a  high  ( 1 0  mM)  Mg2+  buffer  and 
the  lysates  were  briefly  pelleted  to  remove  cell  debris.  A  small 
aliquot  of  the  resulting  supernatant  was  immediately  removed  for 
detection  of  total  Rac  1  protein.  To  detect  GTP-bound  Rac  1 ,  agarose 
beads  bound  to  a  GST-PAK-protein  binding  domain  were  added  to 
the  remaining  supernatant  according  to  the  manufacturer’s  instruc¬ 
tions  (Upstate  Biotechnology).  The  supernatants  were  then  mixed  by 
inversion  for  1  h  at  4°C  and  the  pelleted  beads  were  washed  three 
times  with  Mg2+  lysis  buffer.  Aliquots  of  the  original  cell  lysates  and 
the  PAK-precipitates  were  subjected  to  SDS-PAGE  through  15% 
polyacrylamide  gels,  transferred  to  PVDF  membranes,  and  imniu- 
nob lotted  for  Racl. 

Quantitation  of  apoptosis 

Treated  neurons  were  fixed  in  4%  parafonnaldehyde  and  nuclei 
were  stained  with  Hoechst  dye.  Cells  were  scored  as  apoptotic  if 
they  contained  chromatin  that  was  condensed  and/or  fragmented.  In 
general,  approximately  500  cells  from  at  least  two  fields  of  a  35-mm 
well  were  scored  and  each  treatment  was  perfonned  in  duplicate  in  a 
minimum  of  three  independent  experiments.  For  the  cultures 
infected  with  adenoviral  dominant-negative  Rho  family  GTPases, 
approximately  100  infected  cells  (GFP-positive  neurons)  were 
quantitated  per  coverslip,  and  each  adenovirus  was  infected  into 
triplicate  coverslips  in  a  total  of  four  separate  experiments. 

Immunocytochemistry 

CGNs  were  cultured  on  polyethyleneimine-coated  glass  cover  slips 
at  a  density  of  approximately  5  x  105  cells  per  coverslip.  Following 
adenoviral  infection  and/or  incubation  as  described  in  Results,  cells 
were  fixed  in  4%  parafonnaldehyde  and  were  then  permeabilized 
and  blocked  in  PBS  (pH  7.4)  containing  0.2%  Triton  X-100  and  5% 
BSA.  Cells  were  then  incubated  for  approximately  16  h  at  4°C  with 
primary  antibody  diluted  in  PBS  containing  0.2%  Triton  X-100  and 
2%  BSA.  The  primary  antibody  was  aspirated  and  the  cells  were 
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washed  five  times  with  PBS.  The  cells  were  then  incubated  with 
Cy3-conjugated  secondary  antibodies  and  DAPI  for  1  h  at  room 
temperature.  CGNs  were  then  washed  five  more  times  with  PBS  and 
coverslips  were  adhered  to  glass  slides  in  mounting  medium  (0.1% 
p-phenylenediamine  in  75%  glycerol  in  PBS).  Fluorescent  images 
were  captured  using  a  63  x  oil  immersion  objective  on  a  Zeiss 
Axioplan  2  microscope  equipped  with  a  Cooke  Sensicam  deep- 
cooled  CCD  camera  and  a  Slidebook  software  analysis  program  for 
digital  deconvolution  (Intelligent  Imaging  Innovations  Inc.,  Denver, 
CO,  USA). 

Gene-gun  transfection 

CGNs  were  transiently  transfected  using  the  Helios  Gene-Gun 
system  (Bio-Rad,  Hercules,  CA,  USA).  Briefly,  60  pg  of  plasmid 
DNA  was  precipitated  onto  30  mg  of  0.6  gm-diameter  gold  beads 
in  a  CaCVspermidine  mixture.  The  gold/DNA  precipitates  were 
washed  three  times  in  100%  ethanol,  and  re-suspended  in  3  mL  of 
ethanol  containing  0.05  mg/mL  polyvinylpyrrolidone.  After  thor¬ 
oughly  re-suspending  the  gold/DNA  precipitate,  it  was  drawn  into 
approximately  74  cm  of  Tefzel  tubing  and  the  beads  were  allowed 
to  settle  to  the  bottom  of  the  tubing.  After  5  min,  the  ethanol  was 
slowly  drawn  off  while  the  beads  adhered  to  the  tubing.  The 
tubing  was  dried  under  nitrogen  for  an  additional  5  min  and  then 
cut  into  approximately  1.3-cm  pieces.  CGNs  to  be  transfected 
were  seeded  at  a  density  of  8  x  105  cells/well  on  polyethylenei- 
mine-coated  glass  coverslips  in  24-well  plates.  After  5  days  in 
culture,  the  medium  was  removed  from  the  wells  and  the  1.3-cm 
lengths  of  tubing  containing  the  DNA-bound  beads  were  loaded 
into  the  Gene-Gun  and  shot  with  a  burst  of  ~100  p.s.i.  helium 
through  a  40-pm  nylon  cell  strainer  placed  over  the  well.  The 
medium  was  immediately  replaced  and  cells  were  grown  an 
additional  48  h  before  exposure  to  ToxB  and  subsequent  image 
analysis  of  the  localization  of  either  GFP  alone  or  the  GFP-Bax 
fusion  protein. 

Results 

ToxB  induces  a  specific  caspase-mediated  degradation  of 
Racl  in  CGNs  undergoing  apoptosis 

To  define  the  relative  pro-survival  contributions  of  Rac  and 
Cdc42  GTPases  in  CGNs,  we  examined  the  protein  expres¬ 
sion  of  the  various  Rho  family  members  during  ToxB- 
induced  apoptosis.  As  previously  reported  (Linseman  et  al. 
2001a),  CGNs  incubated  for  24  h  with  ToxB  showed  a 
marked  increase  in  the  percentage  of  cells  with  condensed 
and/or  fragmented  nuclei,  consistent  with  an  apoptotic 
mechanism  of  cell  death  (Fig.  la).  After  24  h  of  incubation 
with  either  vehicle  or  ToxB,  CGN  lysates  were  prepared  and 
electrophoresed  through  polyacrylamide  gels  for  analysis 
using  the  BD  PowerBlot™  screen  (BD  Biosciences). 
Representative  immunoblots  are  shown  in  Fig.  1(b)  that 
include  areas  of  the  membranes  which  were  probed  with 
monoclonal  antibodies  against  either  Racl,  Rho  A,  or  Cdc42 
(indicated  by  the  arrows).  Incubation  with  ToxB  induced  a 
striking  decrease  in  the  amount  of  Racl  detected  in  CGN 
lysates  (Fig.  lb,  upper  panels,  see  arrows).  In  contrast, 


neither  RhoA  nor  Cdc42  showed  any  notable  reduction  in 
immunoreactivity  in  lysates  from  CGNs  exposed  to  ToxB 
(Fig.  lb,  middle  and  lower  panels,  see  arrows).  Semiquan- 
titative  densitometric  analysis  of  the  PowerBlot™  data  is 
shown  in  Fig.  1(c).  Incubation  with  ToxB  for  24  h  induced 
an  approximately  15 -fold  reduction  in  the  immunoreactivity 
of  Racl,  but  had  no  demonstrable  effect  on  the  content  of 
either  RhoA  or  Cdc42.  Furthermore,  the  marked  loss  of  Racl 
GTPase  observed  in  CGNs  exposed  to  ToxB  was  not  affected 
by  an  inhibitor  of  the  26S  proteasome,  MG132,  but  was 
partially  blocked  by  co-incubation  with  the  pan-caspase 
inhibitors,  Boc-Asp(OMe)-FMK  or  zVAD-FMK  (Fig.  Id).  In 
agreement  with  a  recent  report  that  identified  Racl  as  a 
caspase  substrate  in  lymphoma  cells  (Zhang  et  al.  2003),  the 
current  data  suggest  that  the  effects  of  the  glucosylation  of 
Rac  by  ToxB  are  potentially  augmented  by  the  caspase- 
mediated  degradation  of  this  G-protein  in  CGNs.  Thus, 
although  ToxB  glucosylates  and  inhibits  all  three  Rho  family 
members,  Rho,  Rac  and  Cdc42  (Just  et  al.  1995),  Racl 
GTPase  is  the  sole  member  degraded  by  caspases  following 
its  glucosylation  in  CGNs,  likely  resulting  in  a  prolonged 
functional  inhibition  of  this  particular  G-protein. 

Adenoviral  expression  of  dominant-negative  Racl 
induces  CGN  apoptosis 

Given  the  specific  caspase-mediated  degradation  of  Racl 
observed  in  ToxB-treated  CGNs,  and  the  fact  that  Racl  is  a 
common  substrate  for  two  Clostridial  toxins  (ToxB  and 
LTox)  that  each  induce  apoptosis  of  CGNs  (Linseman  et  al. 
2001a),  we  postulated  that  Rac  is  the  major  pro-survival  Rho 
family  GTPase  in  these  neurons.  To  test  this  hypothesis,  we 
infected  CGN  cultures  with  adenoviruses  expressing  either 
GFP  alone  or  in  combination  with  dominant-negative 
mutants  of  either  RhoA  (N19),  Racl  (N17),  or  Cdc42 
(N17).  At  72  h  post-infection,  CGNs  were  fixed  and  stained 
with  Hoechst  dye  to  identify  nuclear  morphology.  Infection 
with  adenoviral  GFP  had  essentially  no  effect  on  the  survival 
of  CGNs  with  less  than  10%  of  the  GFP-expressing  cells 
undergoing  apoptosis  after  72  h  (Fig.  2a,  upper  panels,  and 
Fig.  2b).  In  contrast,  adenoviral-mediated  expression  of 
N17Racl  with  GFP  induced  a  significant  (approximately 
5.8-fold)  increase  in  CGN  apoptosis  when  compared  with 
GFP  alone,  which  was  characterized  by  marked  nuclear 
condensation  and  fragmentation  (Fig.  2a,  lower  panels,  and 
Fig.  2b).  Although  both  N17Cdc42  and  N19RhoA  tended  to 
enhance  the  apoptosis  of  CGNs,  the  effects  of  these 
dominant-negative  GTPases  did  not  reach  statistical  signi¬ 
ficance  at  72  h  post-infection  (Fig.  2b).  The  differential 
effects  of  these  dominant-negative  GTPase  mutants  on  CGN 
survival  strongly  corroborate  our  previous  data  obtained 
using  Rho  GTPase-specific  inhibitory  toxins  (Linseman  et  al. 
2001a),  and  establish  Rac  as  a  major  pro-survival  GTPase  in 
CGNs. 
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Rac  activity  is  maintained  by  trophic  support  and 
integrin-mediated  cell  attachment  in  CGNs 

Rho  family  GTPases  are  activated  downstream  of  both 
integrin  and  growth  factor  receptor  stimulation  (Marcoux  and 
Vuori  2003).  Moreover,  both  integrin-  and  growth  factor- 
dependent  signals  contribute  to  neuronal  survival  (Gary  and 
Mattson  2001;  Linseman  et  al.  2002b;  Gary  et  al.  2003).  To 


Fig.  1  ToxB  induces  apoptosis  and  elicits  a  selective  caspase-medi- 
ated  degradation  of  Racl  GTPase  in  CGNs.  (a)  CGNs  were  incubated 
for  24  h  in  complete  medium  (containing  serum  and  25  miui  KCI)  in 
the  presence  of  either  vehicle  (Veh;  2  ng/mL  BSA  in  PBS)  or  ToxB 
(40  ng/mL).  Following  incubation,  cells  were  fixed  in  paraformaldehyde 
and  nuclei  were  stained  with  Hoechst  dye.  CGNs  exposed  to  ToxB 
showed  marked  nuclear  condensation  and  fragmentation  characteristic 
of  apoptosis.  Scale  bar,  10  pm.  (b)  Representative  immunoblots  of 
lysates  obtained  from  CGNs  incubated  as  described  in  (a).  The  blots 
shown  were  obtained  from  the  BD  PowerBlot™  (see  Experimental 
procedures  for  details)  using  specific  monoclonal  antibodies  against 
Racl  (upper  blots),  RhoA  (middle  blots),  or  Cdc42  (lower  blots).  The 
immunoreactive  Rho  family  GTPases  are  indicated  by  the  arrows.  Other 
protein  bands  apparent  on  the  membranes  represent  adjacent  lanes  of 
the  PowerBlot™  that  were  probed  for  distinct  proteins  and  are  shown  to 
give  an  indication  of  the  overall  equality  of  protein  loading,  (c)  The  fold 
change  in  protein  content  induced  by  24  h  of  ToxB  treatment  for  each  of 
the  Rho  family  members  blotted  for  in  (b)  is  shown.  Data  represent  the 
means  ±  range  of  duplicate  PowerBlot™  comparisons  for  each 
GTPase.  The  dotted  lines  indicate  no  change  (-1  to  +1  fold),  (d)  CGNs 
were  exposed  for  8  h  to  ToxB  in  the  absence  or  presence  of  either  a  pan- 
caspase  inhibitor  (Boc-Asp(OMe)-FMK;  200  pMorzVAD-FMK;  200  |.im) 
or  a  proteasome  inhibitor  (MG132;  10  pm).  Following  incubation,  cell 
lysates  were  immunoblotted  for  Racl . 

add  further  support  that  Racl  activity  is  important  for  CGN 
survival,  we  assessed  the  relative  contributions  of  integrins  or 
trophic  support  in  the  activation  of  Rac  1  by  examining  the 
effects  of  cell  detachment  or  trophic  factor  deprivation  on 
Racl  GTP-binding  using  a  PAK-based  pull-down  assay 
(Benard  et  al.  1999).  Consistent  with  a  growth  factor 
receptor-dependent  pathway  for  Racl  activation  in  CGNs, 
removal  of  semm  and  depolarizing  K  ex  induced  a  significant 
loss  of  Rac  GTP-loading  in  attached  CGNs  (Fig.  3a). 
Similarly,  detachment  from  the  culture  dish  led  to  a  rapid 
loss  of  GTP-bound  Racl  (Fig.  3b),  and  this  effect  occurred 
more  quickly  than  that  observed  upon  trophic  factor 
withdrawal.  These  data  show  that  active  (GTP-bound) 
Racl  is  maintained  in  CGNs  by  both  trophic  factor 
stimulation  and  cell  attachment  to  the  ECM. 

Cell  adhesion  and  subsequent  signal  transduction  is  often 
activated  by  integrins  and  can  occur  in  conjunction  with 
growth  factor  receptor  stimulation  (Gibson  et  al.  2005). 
Integrins  mediate  cell  attachment  via  recognition  of  an  Arg- 
Gly-Asp  (RGD)  motif  on  ECM  ligands  like  fibronectin 
(Takagi  2004).  To  detennine  if  the  effects  of  cell  attachment 
on  Rac  activity  in  CGNs  are  integrin-mediated,  we  utilized 
RGD-containing  inhibitory  peptides.  The  RGD  peptides 
compete  with  RGD-containing  ECM  proteins  for  integrin 
binding,  thereby  reducing  integrin  signaling.  It  has  previ¬ 
ously  been  shown  that  RGD  peptides  inhibit  integrin 
stimulation  of  Rho  family  GTPases  (Yang  et  al.  1999). 
CGNs  incubated  for  8  h  with  RGD  peptides  showed  a 
marked  decrease  in  GTP-bound  Racl  relative  to  cells 
incubated  with  the  negative  control  peptide,  RAD  (Fig.  3c). 
These  results  indicate  that  Racl  activity  is  maintained  in 
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Fig.  2  Adenoviral  expression  of  N17Rac1  induces  apoptosis  of 
CGNs:  dominant-negative  mutants  of  RhoA  or  Cdc42  do  not  cause 
significant  cell  death,  (a)  On  day  4  in  vitro,  CGN  cultures  were  infected 
with  adenovirus  expressing  either  GFP  alone  or  in  combination  with 
dominant-negative  N17Rac1 .  At  72  h  post-infection,  CGNs  were  fixed 
in  paraformaldehyde  and  nuclei  were  stained  with  Hoechst  dye.  Ima¬ 
ges  shown  represent  composites  of  two  fields  each  for  GFP  or  GFP/ 
N17Rac1.  Infected  cells  are  indicated  by  the  arrows.  CGNs  infected 
with  adenovirus  expressing  GFP  alone  showed  large  intact  nuclei 
characteristic  of  healthy  cells  (upper  panels).  In  contrast,  CGNs 
infected  with  adenovirus  expressing  N17Rac1  displayed  marked 
chromatin  condensation  and  fragmentation  indicative  of  apoptotic  cell 
death  (lower  panels).  Note  that  non-infected  cells  in  the  N17Rac1 
condition  remained  healthy.  Scale  bar,  10  pm.  (b)  Quantitation  of  CGN 
apoptosis  in  GFP-expressing  cells  following  72  h  of  infection  with 
adenoviruses  expressing  either  GFP  alone  or  in  combination  with 
dominant-negative  mutants  of  Racl ,  Cdc42,  or  RhoA  at  a  final  titer  of 
50  infectious  particles  per  cell.  Using  these  conditions,  each  of  the 
adenoviruses  infected  approximately  15-20%  of  the  CGNs  in  the 
cultures.  The  results  shown  represent  the  means  ±  SEM  for  four 
experiments,  each  conducted  on  triplicate  coverslips  in  which 
approximately  1 00  GFP-positive  CGNs  were  counted  per  condition  per 
coverslip.  ‘Significantly  different  from  adenoviral  GFP  alone 
(p  <0.01). 


CGNs  via  integrin  signaling  downstream  of  cell  attachment 
(and  trophic  stimulation). 

ToxB  and  N17Racl  each  trigger  cytochrome  c  release 
and  activation  of  caspases-9  and  -3  in  CGNs 

Previous  work  has  shown  that  CGNs  deprived  of  semm  and 
depolarizing  K+ex  undergo  apoptosis  that  involves  activation 
of  an  intrinsic  mitochondrial  pathway  (Gerhardt  et  al.  2001; 
Linseman  et  al.  2002b).  To  determine  if  CGN  death  induced 
by  the  inhibition  of  Rac  GTPase  proceeds  by  a  similar 
mechanism,  we  analyzed  the  ability  of  ToxB  or  N17Racl  to 
trigger  mitochondrial  cytochrome  c  (cyt  C)  release.  Sub- 
cellular  fractionation  of  CGN  lysates  showed  that  the  vast 
majority  of  cyt  C  in  vehicle-treated  cells  was  localized  to  the 
mitochondrial  pellet  along  with  the  integral  mitochondrial 
membrane  protein,  COXIV  (Fig.  4a,  first  and  second  lanes). 
Incubation  with  ToxB  for  24  h  resulted  in  a  marked  decrease 
in  cyt  C  immunoreactivity  in  the  mitochondrial  pellet  and  a 
coincident  appearance  of  several  high  molecular  weight 
bands  in  the  cytosolic  fraction  that  were  detected  by  the 
cyt  C  antibody  (Fig.  4a,  third  and  fourth  lanes,  see  arrow¬ 
heads).  We  postulate  that  these  high  molecular  weight  forms 
of  cyt  C  may  represent  ubiquitin  conjugates  of  the  released 
protein  as  has  previously  been  observed  for  yeast  cyt  C 
(Pearce  and  Sherman  1997).  Regardless  of  the  precise  nature 
of  these  high  molecular  weight  forms  of  cyt  C,  it  is  clear 
from  the  substantial  loss  of  immunoreactivity  in  the  mito¬ 
chondrial  pellet  that  the  majority  of  cyt  C  was  indeed 
released  from  mitochondria  in  CGNs  exposed  to  ToxB. 

In  addition  to  subcellular  fractionation,  cyt  C  localization 
was  also  assessed  by  immunocytochemical  methods.  CGNs 
incubated  with  vehicle  showed  a  cyt  C  distribution  that  was 
punctate  and  perinuclear  in  agreement  with  its  localization  to 
mitochondria  (Fig.  4b,  upper  panels).  In  contrast,  CGN 
cultures  exposed  to  ToxB  for  24  h  displayed  cells  that  had 
condensed  and  fragmented  chromatin  accompanied  by  a 
diffuse  distribution  of  cyt  C  over  the  entire  cell  body, 
consistent  with  its  release  into  the  cytoplasm  (Fig.  4b,  lower 
panels,  see  arrows).  In  a  similar  manner,  many  CGNs  which 
were  infected  with  adenovirus  expressing  GFP  and  N17Racl 
showed  a  nearly  complete  loss  of  cyt  C  immunoreactivity 
that  was  coincident  with  condensed  nuclei  at  72  h  post¬ 
infection,  consistent  with  an  extremely  diffuse  distribution  of 
cyt  C  in  the  apoptotic  cells  (Fig.  4c,  see  arrows).  Note  that 
uninfected  surrounding  cells  showed  punctate  cyt  C  staining 
localized  in  the  perinuclear  region  and  contained  large  intact 
nuclei.  In  addition,  CGNs  expressing  GFP  alone  did  not  have 
condensed  nuclei  at  72  h,  and  the  cyt  C  remained  localized 
in  the  mitochondria  (data  not  shown).  These  results  indicate 
that  CGN  apoptosis  induced  by  either  ToxB  or  N17Racl 
proceeds  via  the  release  of  cyt  C  from  mitochondria. 

Once  cyt  C  is  released  from  mitochondria,  it  interacts  with 
apoptosis-activating  factor- 1  (Apaf-1)  and  pro-caspase-9  to 
form  an  oligomeric  apoptosome  structure  that  activates  the 
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Fig.  3  Racl  GTP-loading  is  maintained  in  CGNs  by  trophic  support 
and  integrin-mediated  cell  attachment.  CGNs  were  incubated  under 
either  attached  conditions  (a)  in  trophic  factor-deprived  medium  con¬ 
taining  5  miui  KCI  and  lacking  serum  (5K-Ser)  for  up  to  4  h,  detached 
conditions  (b)  for  up  to  2  h  in  medium  containing  25  mM  KCI  and 
serum  (25K  +  Ser),  or  incubated  with  RAD  or  RGD  peptides  (c)  for 
8  h.  Following  incubation,  CGNs  were  immediately  lysed  on  ice  into  a 
high  Mg2+  buffer.  Cell  debris  was  removed  by  brief  centrifugation  and  a 
small  aliquot  of  the  resulting  lysate  was  separated  for  quantitation  of 
total  Rac  in  each  sample.  The  remaining  cell  lysates  were  incubated 
for  1  h  with  an  excess  of  the  protein  binding  domain  of  the  Rac 
effector,  PAK  (PAK-PBD),  bound  to  agarose  beads.  The  pellet  was 
washed  three  times  with  lysis  buffer  and  samples  were  electrophore- 
sed  through  15%  polyacrylamide  gels.  Proteins  were  transferred  to 
PVDF  membranes  which  were  immunoblotted  with  a  monoclonal 
antibody  against  Racl  and  an  HRP-conjugated  secondary  antibody. 
Immunoreactive  Racl  protein  was  detected  using  standard  ECL 
techniques.  GTP-loaded  Rac  was  brought  down  in  the  PAK-PBD 
precipitation  (middle  blots).  The  PAK-PBD  is  detected  non-specifically 
by  the  secondary  antibody  and  is  shown  as  a  control  for  equal  loading 
(upper  blots).  The  total  Rac  in  each  lysate  is  also  shown  as  a  loading 
control  as  no  significant  loss  is  detected  in  Rac  protein  under  these 
conditions  (bottom  blots).  The  blots  shown  are  representative  of 
results  obtained  in  three  separate  experiments.  Att,  attached  control. 


RAD  RGD 


no  active  caspase  staining  was  detected  in  CGNs  expressing 
GFP  alone  (data  not  shown).  Essentially  every  N17Racl 
GFP-positive  cell  that  showed  condensed  and/or  fragmented 
chromatin  was  immunoreactive  for  active  caspase-9  or  -3. 
Moreover,  CGN  apoptosis  induced  by  a  24-h  incubation  with 
ToxB  (40  ±  4%  apoptosis  with  ToxB  vs.  8  ±  2%  apoptosis 
with  vehicle,  mean  ±  SEM,  n  =  3,p  <  0.01  vs.  vehicle)  was 
significantly  suppressed  by  co-incubation  with  either  a  pan- 
caspase  inhibitor  [Boc-Asp(OMe)-FMK,  9  ±  1%  apoptosis, 
p  <  0.01  vs.  ToxB  alone]  or  a  caspase-9  selective  inhibitor 
(zLEHD-FMK,  13  ±2%  apoptosis,  p  <  0.01  vs.  ToxB 
alone).  Thus,  CGN  apoptosis  triggered  by  the  inhibition  of 
Rac  with  either  ToxB  or  N17Racl  involves  the  cyt 
C-mediated  activation  of  caspase-9  and  -3. 


(8  h  treatment) 


intrinsic  initiator  caspase,  caspase-9  (Zou  et  al.  1999). 
Therefore,  we  next  examined  CGNs  exposed  to  ToxB  or 
N 1 7Rac  1  for  the  appearance  of  active  forms  of  the  intrinsic 
initiator  caspase-9  and  the  executioner  caspase-3.  Using 
antibodies  that  detect  the  cleaved  (active)  fragments  of 
caspase-9  and  -3,  we  found  that  CGNs  incubated  for  24  h 
with  ToxB  showed  activation  of  each  of  these  proteases 
(Figs  5a  and  b,  respectively).  Similarly,  many  CGNs  expres¬ 
sing  N17Racl  (identified  by  GFP  fluorescence)  showed 
apoptotic  nuclear  morphology  in  conjunction  with  positive 
staining  using  antibodies  that  specifically  detect  the  cleaved 
forms  of  caspase-9  and  -3  (Figs  5c  and  d,  respectively),  but 


ToxB  elicits  Bax  translocation  to  mitochondria  and 
conformational  activation  of  Bax  in  CGNs 

Cyt  C  is  released  from  mitochondria  via  an  oligomeric 
channel  containing  the  multidomain  Bcl-2  family  member, 
Bax  (Antonsson  et  al.  2000).  Bax  is  normally  sequestered  in 
the  cytoplasm  of  healthy  cells  via  binding  to  14-3-3 
scaffolding  proteins  and  translocates  to  mitochondria  in 
response  to  apoptotic  stimuli  (Nomura  et  al.  2003).  In  CGNs 
transfected  via  gene  gun  with  GFP-Bax  (Wo Iter  et  al.  1997), 
distribution  of  the  fusion  protein  changed  from  a  diffuse 
pattern  in  vehicle-treated  cells  (Fig.  6a,  upper  panels,  see 
arrows  and  Fig.  6b,  left  panel)  to  a  punctate  mitochondrial 
localization  following  ToxB  treatment  (Fig.  6a,  middle 
panels,  see  arrows  and  Fig.  6b,  middle  panel).  The  redis¬ 
tribution  of  GFP-Bax  to  mitochondria  following  ToxB 
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exposure  occurred  in  conjunction  with  substantial  nuclear 
condensation  and  fragmentation.  In  contrast,  ToxB  did  not 
cause  a  significant  redistribution  of  the  control  protein,  GFP, 
which  maintained  a  relatively  diffuse  localization  throughout 
the  entire  cell  body  despite  the  fact  that  significant  apoptosis 
was  induced  (Fig.  6a,  lower  panels,  see  arrows  and  Fig.  6b, 
right  panel). 

In  addition  to  mitochondrial  translocation,  upon  induction 
of  apoptosis  Bax  also  undergoes  a  conformational  change 
that  exposes  an  amino-terminal  epitope  detected  by  a  specific 
monoclonal  (6A7)  antibody  (Hsu  and  Youle  1998).  CGN 
cultures  incubated  with  vehicle  showed  little-to-no  detectable 
immunoreactivity  with  the  Bax  6A7  antibody  (Fig.  6c,  left 
panel).  However,  CGNs  exposed  to  ToxB  showed  marked 
positive  staining  with  the  active  conformation-specific  Bax 
antibody  in  conjunction  with  chromatin  condensation  and 
fragmentation  (Fig.  6c,  right  panel).  These  results  show  that 
ToxB-mediated  inactivation  of  Rac  GTPase  stimulates  Bax 
translocation  to  mitochondria  while  concurrently  promoting  a 
conformational  change  in  Bax  that  is  commonly  associated 
with  its  cyt  C-releasing  activity. 


Fig.  4  ToxB  and  N17Rac1  each  trigger  cytochrome  c  release  from 
mitochondria  in  CGNs.  (a)  CGNs  were  incubated  for  24  h  in  complete 
medium  (containing  serum  and  25  miui  KCI)  in  the  presence  of  either 
vehicle  (Veh;  2  rig/mL  BSA  in  PBS)  or  ToxB  (40  ng/mL).  Following 
incubation,  cell  lysates  were  fractionated  into  cytosolic  (C)  and  mit¬ 
ochondrial  (M)  subcellular  fractions  as  described  in  Experimental 
procedures.  Equivalent  amounts  of  cytosolic  (20  pg)  and  mitochond¬ 
rial  (40  pig)  fractions  from  Veh-  or  ToxB-treated  cells  were  subjected  to 
SDS-PAGE  and  immunoblotted  for  cytochrome  c  (cyt  C).  The  mem¬ 
branes  were  then  stripped  and  re-probed  for  the  integral  mitochondrial 
membrane  protein,  cyt  C  oxidase  subunit  IV  (COXIV),  to  verify  the 
purity  of  the  subcellular  fractions.  Note  that  the  amount  of  cyt  C 
detectable  in  mitochondrial  fractions  was  significantly  less  in  ToxB- 
treated  CGNs,  although  the  amount  of  immunoreactive  COXIV  was 
similar  to  Veh.  The  cyt  C  released  into  the  cytosolic  fraction  in  the 
ToxB-treated  cells  did  not  appear  at  the  same  molecular  weight  as  that 
detected  in  the  mitochondrial  fractions,  but  instead  it  displayed  several 
higher  molecular  weight  forms  (indicated  by  <)  which  may  reflect 
ubiquitination  of  the  cytoplasmic  cyt  C.  The  blots  shown  are  illustrative 
of  data  from  two  independent  experiments,  (b)  CGNs  were  exposed  to 
Veh  or  ToxB  as  described  in  (a).  After  24  h,  cells  were  fixed  with 
paraformaldehyde,  blocked  and  permeabilized  in  5%  BSA  and  0.2% 
Triton  X-100,  and  incubated  with  a  polyclonal  antibody  to  cyt  C. 
Localization  of  cyt  C  was  detected  using  a  Cy3-conjugated  secondary 
antibody  and  nuclei  were  stained  with  DAPI.  Veh-treated  CGNs 
showed  healthy  nuclei  and  cyt  C  localization  that  was  mostly  perinu¬ 
clear  consistent  with  mitochondria  (upper  panels).  In  contrast,  a  sig¬ 
nificant  fraction  of  the  CGNs  exposed  to  ToxB  displayed  fragmented 
nuclei  and  a  diffuse  distribution  of  cyt  C  over  the  entire  cell  body  (lower 
panels,  see  arrows).  The  images  shown  are  indicative  of  those  from 
three  separate  experiments.  Scale  bar,  10  pm.  (c)  CGNs  were  incu¬ 
bated  for  72  h  after  infection  with  adenovirus  expressing  GFP  and 
N17Rac1  (at  a  final  titer  of  50  infectious  particles  per  cell).  Following 
infection,  cells  were  stained  for  cyt  C,  as  described  in  (b).  The  merged 
image  shows  that  the  majority  of  GFP-  and  N17Rac1 -positive  cells 
(indicated  by  the  arrows)  had  condensed  or  fragmented  nuclear 
morphology  and  lacked  detectable  cyt  C  staining,  whereas  surround¬ 
ing  uninfected  cells  were  largely  healthy  and  displayed  significant 
perinuclear  cyt  C.  The  essentially  complete  loss  of  cyt  C  staining  in 
the  N17Rac1  -expressing  cells  likely  reflects  the  diffuse  distribution  of 
the  protein  over  such  a  prolonged  time  post-infection.  The  images 
shown  are  composites  of  three  different  fields  of  CGNs  infected  with 
adenoviral  GFP/N17Rac1.  Scale  bar,  10  pm. 

ToxB  and  N17Racl  each  promote  c-Jun  activation  and 
Bim  induction  in  CGNs:  inhibition  of  c-Jun  and  Bim 
activation  by  the  pyridinyl  imidazole  SB203580 

Conformational  activation  and  mitochondrial  translocation  of 
Bax  is  stimulated  by  pro-apoptotic  BH3-only  proteins  that 
neutralize  the  activities  of  anti-apoptotic  Bcl-2  family 
members  (Bouillet  et  al.  2002).  Various  isoforms  of  Bim,  a 
BH3-only  protein,  play  a  significant  role  in  several  models  of 
neuronal  apoptosis  (Putcha  et  al.  2001;  Linseman  et  al. 
2002b;  Napankangas  et  al.  2003).  In  response  to  diverse 
apoptotic  stimuli,  Bim  expression  is  up-regulated  at  the 
transcriptional  level.  One  of  the  key  signaling  pathways  that 
promotes  Bim  transcription  involves  the  c-jun  N-tenninal 
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protein  kinase  (JNK)-mediated  phosphorylation  of  c-Jun 
(Harris  and  Johnson  2001;  Whitfield  et  al.  2001).  As  we 
previously  have  shown  (Linseman  et  al.  2001a),  incubation 
of  CGNs  with  ToxB  induced  a  rapid  increase  in  the 
phosphorylation  (detected  as  a  decrease  in  electrophoretic 
mobility)  and  expression  of  c-Jun  (Fig.  7a),  effects  that  were 
largely  prevented  by  the  pyridinyl  imidazole  JNK/p38 
MAPK  inhibitor,  SB203580  (Fig.  7b)  (Coffey  et  al.  2002). 
Consistent  with  c-Jun  stimulating  Bim  transcription,  ToxB 
also  induced  a  marked  increase  in  the  expression  of  Bims  (the 


Fig.  5  ToxB  and  N17Rac1  each  promote  activation  of  caspases-9 
and  -3  in  CGNs.  (a)  CGNs  were  incubated  for  24  h  in  complete 
medium  (containing  serum  and  25  mM  KCI)  in  the  presence  of  either 
vehicle  (Veh;  2  pg/mL  BSA  in  PBS)  or  ToxB  (40  ng/mL).  After  incu¬ 
bation,  cell  lysates  were  resolved  by  SDS-PAGE  on  15%  polyacryl¬ 
amide  gels  and  proteins  were  transferred  to  PVDF  membranes.  The 
blots  were  then  probed  with  an  antibody  that  specifically  detects  the 
cleaved  (active)  form  of  caspase-9.  (b)  CGNs  were  treated  exactly  as 
described  in  (a)  and  lysates  were  western  blotted  with  an  antibody  that 
recognizes  both  the  pro-  and  cleaved  (active)  forms  of  caspase-3.  The 
blots  shown  in  (a)  and  (b)  are  representative  of  results  obtained  in 
three  separate  experiments,  (c)  CGNs  were  incubated  for  72  h  after 
infection  with  adenovirus  expressing  GFP  and  N17Rac1  (at  a  final  titer 
of  50  infectious  particles  per  cell).  Following  infection,  cells  were  fixed 
in  paraformaldehyde,  blocked  and  permeabilized  in  5%  BSA  and  0.2% 
Triton  X-100,  and  immunostained  with  an  antibody  that  specifically 
detects  the  active  (cleaved)  form  of  caspase-9  [Casp-9  (a)]  and  a  Cy3- 
conjugated  secondary  antibody.  Nuclei  were  stained  with  DAPI.  The 
merged  image  shows  that  GFP-  and  N17Rac1  -positive  cells  (indicated 
by  the  arrows)  had  condensed  or  fragmented  nuclear  morphology  and 
displayed  significant  immunoreactivity  for  active  caspase-9,  whereas 
surrounding  uninfected  cells  were  largely  healthy  and  devoid  of  active 
caspase-9.  (d)  CGNs  were  infected  as  described  in  (c)  and  were  then 
immunostained  for  active  (cleaved)  caspase-3  [Casp-3  (a)].  As  des¬ 
cribed  above,  most  of  the  GFP-  and  N17Rac1 -positive  cells  (indicated 
by  the  arrows)  showed  marked  chromatin  condensation  and  frag¬ 
mentation  and  stained  positively  for  active  caspase-3.  The  images 
shown  in  (c)  and  (d)  are  composites  of  three  to  four  different  fields  of 
CGNs  infected  with  adenoviral  GFP/N17Rac1.  Ad-GFP  control  data 
not  shown.  Scale  bars,  10  pm. 


short  isoform  of  Bim)  which  was  similarly  blocked  by 
SB203580  (Fig.  7c).  Finally,  both  an  increased  phosphory¬ 
lation  of  c-Jun  and  induction  of  Bim  were  also  observed  in 
CGNs  infected  with  N17Racl  as  compared  with  cells 
infected  with  the  GFP  control  adenovirus  (Fig.  7d).  These 
data  show  that  antagonism  of  Rac  activity  in  CGNs  promotes 
a  robust  c-Jun-dependent  induction  of  the  BH3-only  protein, 
Bims. 

SB203580  significantly  inhibits  ToxB-induced  Bax 
activation,  cytochrome  c  release,  and  caspase  activation 
in  CGNs 

To  detennine  if  the  c-Jun-dependent  induction  of  Bim  is 
necessary  for  initiation  of  the  mitochondrial  apoptotic 
pathway  elicited  in  CGNs  by  ToxB,  we  examined  the  effects 
of  SB203580  on  Bax  conformational  change,  cyt  C  release, 
and  caspase  activation.  The  enhanced  immunoreactivity  for 
conformationally  active  Bax  (i.e.  positive  6A7  antibody 
staining)  induced  by  ToxB  was  significantly  suppressed  by 
co-incubation  with  SB203580  (Fig.  8a).  Concurrently,  inclu¬ 
sion  of  SB203580  substantially  decreased  the  number  of 
condensed  and/or  fragmented  nuclei  observed  in  ToxB- 
treated  CGN  cultures.  Moreover,  co-incubation  with 
SB203580  prevented  the  ToxB-induced  loss  of  cyt  C  from 
the  mitochondrial  pellet  and  inhibited  the  cleavage  of 


©  2005  International  Society  for  Neurochemistry,  J.  Neurochem.  (2005)  94,  1025-1039 
No  claim  to  original  US  government  works 


1034  S.  S.  Le  et  al. 


(a) 

Veil 

If 

#•  if 

a 

4k 

* 

.  % — 

t 

DAPI 

GFP-Bax/DAPI 

ToxB 

4 r 

'■  4T 

f 

f  ~ 

\ 

)  •  i*  1 

1  1 

i ( 

f  # 

DAPI 

GFP-Bax/DAPI 

ToxB 

W. 

•x 

X 

* 

33  # 

m  * 

* 

* 

%  4  • 

DAPI 

— 

GFP/DAPI 

(b) 


(C) 

Veh 

ToxB 

* 

Bax  (6A7) 

Bax  (6A7) 

X 

caspase-9  and  -3  to  the  active  fragments  (Fig.  8b).  Thus,  in 
CGNs  in  which  Rac  has  been  inactivated,  a  c-Jun-driven 
induction  of  Bim  lies  upstream  of  a  Bax-dependent  mitoch¬ 
ondrial  death  pathway. 

The  anthrapyrazol,  SP600125,  a  JNK-specific  inhibitor, 
significantly  blocks  ToxB-induced  c-Jun 
phosphorylation,  Bim  induction,  and  CGN  apoptosis 

As  SB203580  inhibits  both  JNK  and  p38  MAP  kinase 
activities,  we  evaluated  the  effects  of  a  more  selective  JNK 
inhibitor,  SP600125  (Bennett  et  al.  2001),  on  c-Jun  phos¬ 
phorylation  and  the  subsequent  apoptotic  cascade  elicited  by 
ToxB  in  CGNs.  In  agreement  with  the  results  obtained  for 
SB203580,  SP600125  significantly  suppressed  the  ToxB- 
induced  phosphorylation  and  increased  expression  of  c-Jun 
(Fig.  9a).  Furthermore,  the  induction  of  Bim  was  also 


Fig.  6  ToxB  elicits  translocation  of  a  GFP-Bax  fusion  protein  to 
mitochondria  and  conformational  activation  of  endogenous  Bax  in 
CGNs.  (a)  On  day  5  in  vitro,  CGNs  were  transfected  with  either  GFP 
alone  or  a  GFP-Bax  fusion  protein  using  a  helium-powered  gene  gun, 
as  described  in  Experimental  procedures.  At  48  h  post-transfection, 
cells  were  exposed  for  24  h  to  either  vehicle  (Veh;  2  ng/mL  BSA  in 
PBS)  or  ToxB  (40  ng/mL).  CGNs  were  then  fixed  in  paraformaldehyde 
and  nuclei  were  stained  with  DAPI.  The  expressed  GFP-Bax  fusion 
protein  had  a  diffuse  distribution  in  the  predominantly  healthy  CGNs 
incubated  with  Veh  (upper  panels).  In  contrast,  cells  exposed  to  ToxB 
demonstrated  marked  nuclear  condensation  and  fragmentation,  and 
GFP-Bax  staining  that  was  punctate  and  consistent  with  localization  to 
mitochondria  (middle  panels).  In  CGNs  transfected  with  GFP  alone, 
ToxB  still  induced  substantial  apoptosis;  however,  GFP  maintained  a 
distribution  that  encompassed  the  entire  cell  unlike  the  more  localized 
distribution  of  GFP-Bax  under  these  conditions  (lower  panels).  The 
images  shown  are  representative  of  results  from  two  experiments. 
Transfected  cells  in  each  panel  are  indicated  by  the  arrows.  Scale  bar, 
10  |im.  (b)  The  areas  demarcated  by  the  boxes  in  (a)  have  been 
enlarged  300%  to  enhance  the  visualization  of  GFP-Bax  or  GFP.  (c) 
Untransfected  CGNs  were  incubated  with  either  Veh  or  ToxB  for  24  h 
and  cells  were  fixed  and  immunostained  with  a  monoclonal  antibody 
(clone  6A7)  that  specifically  detects  the  active  conformation  of  Bax. 
Active  endogenous  Bax  was  visualized  in  a  punctate  mitochondrial 
distribution  using  a  Cy3-conjugated  anti-mouse  secondary  antibody 
(indicated  by  the  arrows).  Scale  bar,  10  pm. 


significantly  blocked  by  inclusion  of  SP600125  (Fig.  9b), 
providing  further  evidence  that  the  Bim-initiated  apoptotic 
cascade  is  mediated  by  c-Jun.  Finally,  quantitation  of  CGN 
apoptosis  revealed  that  co-incubation  of  ToxB  with 
SP600125  significantly  decreased  the  number  of  neurons 
with  condensed  and/or  fragmented  nuclei  (Fig.  9c).  Thus,  the 
JNK-specific  inhibitor,  SP600125,  protects  CGNs  from 
apoptosis  induced  by  the  Rac-inhibitory  ToxB. 

Discussion 

Several  previous  studies  have  demonstrated  a  significant  role 
for  integrin/ECM  and  growth  factor  signaling  in  promoting 
neuronal  survival.  Integrin-mediated  signaling  was  recently 
shown  to  protect  cultured  hippocampal  neurons  from 
glutamate-  or  staurosporine-induced  toxicity  (Gary  and 
Mattson  2001;  Gary  et  al.  2003).  Moreover,  disruption  of 
ECM  proteins,  either  by  gene  deletion  or  infusion  of  ECM- 
neutralizing  proteins  or  antibodies,  exacerbated  neuronal 
death  in  vivo  in  response  to  focal  ischemia  or  excitotoxicity 
(Sakai  et  al.  2001;  Chen  et  al.  2003).  Growth  factors  also 
play  a  key  role  in  neuronal  survival.  For  example,  we  have 
shown  that  IGF-I  promotes  neuronal  survival  by  blocking 
FKHRL 1 -dependent  transcription  of  Bim,  thereby  suppres¬ 
sing  apoptosis  (Linseman  et  al.  2002b).  Collectively,  these 
findings  illustrate  a  critical  function  for  integrin/ECM  and 
growth  factor  signaling  in  maintaining  neuronal  survival  both 
in  vitro  and  in  vivo. 
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Fig.  7  ToxB  and  N17Rac1  each  stimulate  c-Jun  activation  and 
induction  of  Bim  in  CGNs:  inhibition  of  ToxB-induced  Bim  expression 
by  the  pyridinyl  imidazole,  SB203580.  (a)  CGNs  were  incubated  for  up 
to  8  h  with  ToxB  (40  ng/mL)  and  cell  lysates  were  immunoblotted  (IB) 
with  a  polyclonal  antibody  to  c-Jun.  The  decreased  mobility  of  c-Jun 
observed  with  increasing  duration  of  ToxB  exposure  is  indicative  of 
activating  phosphorylation,  (b)  CGNs  were  incubated  for  6  h  with 
either  BSA/PBS  vehicle  (Veh)  or  ToxB  ±  SB203580  (SB;  20  pn/i). 
Following  treatment,  CGN  lysates  were  immunoblotted  for  c-Jun.  (c) 
CGNs  were  incubated  for  6  h  as  described  in  (b).  Cell  lysates  were 
then  immunoblotted  with  a  polyclonal  antibody  that  detects  an 
approximately  15-kDa  isoform  of  Bim,  Bim  short  (Bims).  (d)  CGNs 
were  infected  with  either  adenoviral  GFP  alone  or  in  combination  with 
N17Ftac1.  At  96  h  post-infection,  cell  lysates  were  obtained  and 
immunoblotted  for  c-Jun,  Bims,  and  actin  (as  a  loading  control).  NS, 
non-specific  protein  bands  that  are  detected  by  the  antibodies  and  are 
shown  as  loading  controls. 


Yet  despite  the  fact  that  Rho  family  GTPases  are  key 
downstream  effectors  of  integrin  activation  and  growth  factor 
signaling,  little  is  known  about  the  role  of  these  G-proteins  in 
regulating  neuronal  survival.  Several  elegant  studies  by 
Bazenet  and  colleagues  have  shown  that  Rac/Cdc42  GTP¬ 
ases  promote  the  apoptotic  death  of  NGF-deprived  sympa¬ 
thetic  neurons  by  stimulating  two  distinct  MAP  kinase  kinase 
kinases,  apoptosis  signal-regulating  kinase  1  (ASK1)  and 
mixed  lineage  kinase  3  (MLK3),  upstream  of  JNK/c-Jun 


Fig.  8  The  pyridinyl  imidazole,  SB203580,  inhibits  mitochondrial 
apoptotic  signaling  induced  by  ToxB  in  CGNs.  (a)  CGNs  were  incu¬ 
bated  for  24  h  with  either  vehicle  (Veh;  2  pg/mL  BSA  in  PBS)  or  ToxB 
(40  ng/mL)  ±  SB203580  (SB;  20  pM).  Following  incubation,  cells  were 
immunostained  with  a  monoclonal  antibody  to  the  active  conformation 
of  Bax  (clone  6A7)  and  nuclei  were  stained  with  DAPI.  The  arrows 
indicate  cells  that  stained  positively  for  active  Bax.  Scale  bar,  10  pm. 
(b)  CGNs  were  incubated  exactly  as  described  in  (a)  and  either  mit¬ 
ochondrial  fractions  were  immunoblotted  (IB)  for  cyt  C  or  whole  cell 
lysates  were  probed  for  active  caspase-9  or  -3.  The  blots  shown  are 
each  indicative  of  data  obtained  in  three  separate  experiments. 


activation  (Bazenet  et  al.  1998;  Kanamoto  et  al.  2000;  Mota 
et  al.  2001).  Furthermore,  it  was  shown  that  p75-regulated 
activation  of  Rac  induced  JNK  after  withdrawal  of  NGF  in 
rat  oligodendrocytes,  supporting  a  pro-apoptotic  role  of  Rac 
(Harrington  et  al.  2002).  Other  studies,  however,  suggest  that 
the  pro-apoptotic  activity  of  Rho  family  GTPases  observed  in 
sympathetic  neurons  and  oligodendrocytes  is  not  consistently 
seen  in  all  types  of  neurons.  For  example,  previous  work  by 
several  groups  correlated  a  loss  of  plasma  membrane- 
associated  Rho  family  GTPases  with  induction  of  apoptosis 
in  primary  cortical  neurons  and  brain  neuroblasts  (Tanaka 
et  al.  2000;  Garcia-Roman  et  al.  2001;  Meske  et  al.  2003). 
Each  of  these  studies  utilized  inhibitors  of  3-hydroxy- 
3-methylglutaryl-CoA  reductase  (statins)  to  block  the  isopr- 
enylation  and  membrane  localization  of  Ras  and  Rho 
GTPases.  More  recently,  Kobayashi  et  al.  (2004)  demon¬ 
strated  that  targeted  dominant-negative  mutants  of  either 
Rho  or  Rho  kinase  significantly  enhance  the  apoptosis  of 
spinal  motor  neurons  in  vivo  during  embryonic  development. 
In  addition,  it  was  recently  shown  that  Racl  also  plays  a 
primary  role  in  the  survival  of  motor  neurons;  the  juvenile- 
onset  form  of  amyotrophic  lateral  sclerosis  is  caused  by 
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Fig.  9  The  JNK-specific  inhibitor,  SP600125,  significantly  blocks 
c-Jun  phosphorylation,  Bim  induction,  and  apoptosis  in  ToxB-treated 
neurons,  (a)  CGNs  were  incubated  for  8  h  with  ToxB  (40  ng/ 
mL)  ±  SP600125  (20  Cell  lysates  were  then  immunoblotted  with 
a  polyclonal  antibody  for  c-Jun.  Activation  of  phosphorylation  is  seen 
by  the  decreased  mobility  of  c-Jun  in  a  time-dependent  manner  upon 
incubation  with  ToxB.  (b)  CGNs  were  incubated  as  above  in  (a)  for  8  h. 
The  cell  lysates  were  then  immunoblotted  with  a  polyclonal  antibody 
that  detects  Bims,  approximately  15  kDa.  (c)  CGNs  were  incubated  as 
described  above  for  24  h.  The  cells  were  then  fixed  with  paraformal¬ 
dehyde  and  stained  with  Hoechst  to  visualize  nuclei.  The  cells  incu¬ 
bated  with  SP6001 25  showed  a  significant  decrease  in  apoptosis.  The 
results  shown  represent  the  means  ±  SEM  of  three  experiments  with 
approximately  400  cells  counted  per  condition  in  each  experiment. 
'Significantly  different  from  Veh-treated  cells  (p  <  0.01).  f Significantly 
different  from  ToxB-treated  cells  (p  <  0.01). 


truncation  and  loss  of  function  of  the  Racl  GEF,  alsinLF 
(Kanekura  et  al.  2005).  The  above  studies  indicate  that,  as 
has  been  previously  described  for  non-neuronal  cells  (Murga 
et  al.  2002),  the  relative  pro-survival  or  pro-apoptotic  effects 
of  Rho  family  GTPases  in  neurons  are  cell-type  specific. 

Consistent  with  several  prior  studies  which  showed  a  pro¬ 
survival  role  for  Rho  family  GTPases  in  specific  neuronal 
populations,  we  have  previously  reported  that  CGNs  undergo 
apoptosis  following  incubation  with  Clostridial  toxins  that 
inhibit  Rac/Cdc42  GTPases  (Linseman  et  al.  2001a).  Flere, 
we  utilized  adenoviral  dominant-negative  Rho  family 


GTPases  to  identify  Rac  as  the  major  pro-survival  GTPase 
in  CGNs,  as  significant  apoptosis  was  induced  by  N17Racl 
but  not  dominant-negative  mutants  of  RhoA  or  Cdc42. 
Although  we  cannot  conclude  irrefutably  that  Cdc42  does 
not  play  at  least  a  minor  role  in  CGN  survival,  our  data 
provide  strong  evidence  that  Rac  is  the  major  pro-survival 
Rho  family  GTPase  in  these  neurons.  First,  although 
dominant-negative  mutants  of  Rac  and  Cdc42  can  compete 
for  the  same  guanine  nucleotide  exchange  factors  (GEFs), 
and  therefore  may  have  inhibitory  effects  that  overlap  on 
pathways  downstream  of  one  another,  this  lack  of  selectivity 
was  not  observed  in  CGNs  where  apoptosis  was  significantly 
elevated  following  infection  with  adenoviral  N17Racl  but 
not  N17Cdc42  (see  Fig.  2).  The  differential  sensitivity  of 
CGN  survival  to  dominant-negative  Rac  versus  dominant¬ 
negative  Cdc42  was  observed  despite  the  fact  that  both 
adenoviruses  appeared  to  infect  the  neurons  equally  based  on 
GFP  fluorescence. 

Second,  although  Rac  was  a  substrate  for  caspases  in 
CGNs  incubated  with  ToxB,  Cdc42  was  not  degraded  by 
caspases  in  this  model  (see  Fig.  1).  Therefore,  while  de  novo 
Cdc42  synthesis  could  potentially  overcome  the  effects  of 
ToxB  glucosylation  over  time  (i.e.  as  the  catalytic  activity  of 
ToxB  diminishes),  newly  synthesized  Rac  would  continually 
be  degraded  by  caspases.  The  specificity  of  the  caspase- 
mediated  degradation  for  Rac  versus  Cdc42  further  supports 
a  major  pro-survival  role  for  Rac  in  CGNs. 

Third,  we  previously  showed  that  incubation  with  C.  sor- 
dellii  LTox  mimicks  the  effects  of  ToxB  on  CGN  apoptosis 
(Linseman  et  al.  2001a).  While  LTox  definitely  overlaps  with 
ToxB  in  the  glucosylation  of  Rac,  it  has  been  reported  to 
inhibit  Cdc42  in  some  cell-free  assays  (Genth  et  al.  1996; 
ITofmann  et  al.  1998)  but  not  in  others  (Popoff  et  al.  1996). 
Moreover,  LTox  is  generally  regarded  as  a  more  potent 
inhibitor  of  Rac  than  Cdc42  within  cells,  further  suggesting 
that  it  is  the  inhibition  of  Rac  rather  than  Cdc42  that 
ultimately  triggers  CGN  apoptosis. 

Finally,  we  show  that  Racl  activity  (GTP-loading)  is 
significantly  decreased  in  CGNs  deprived  of  serum  and 
depolarizing  K+ex  (see  Fig.  3a).  In  contrast,  Cdc42  activity  as 
measured  by  increased  tyrosine  phosphorylation  of  the 
specific  Cdc42  effector,  ACK-1  (Linseman  et  al.  2001b),  is 
sustained  under  these  conditions  (data  not  shown).  These 
results  indicate  that,  while  loss  of  Rac  activity  is  coincident 
with  induction  of  apoptosis,  Cdc42  activity  is  regulated 
independently  of  apoptotic  signals.  Collectively,  these  find¬ 
ings  indicate  that  Rac  is  the  major  Rho  family  GTPase 
involved  in  promoting  CGN  survival  and  any  role  for  Cdc42 
is  likely  secondary. 

Given  that  ToxB  or  N17Racl  each  induce  CGN  apoptosis 
in  the  presence  of  serum  and  depolarizing  K+ex,  our  data  also 
suggest  that  loss  of  Rac  function  is  not  compensated  for  by 
trophic  support.  Moreover,  we  have  previously  shown  that 
CGN  apoptosis  induced  by  Rac  inactivation  with  either  ToxB 
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or  LTox  is  not  mimicked  by  direct  disruption  of  F-actin  using 
the  actin  ADP-ribosylation  factor,  C.  botulinum  C2  toxin 
(Linseman  et  al.  2001a),  indicating  that  the  pro-survival 
action  of  Rac  is  independent  of  its  effects  on  the  actin 
cytoskeleton.  Our  current  research  is  focused  on  identifying 
the  effectors  downstream  of  Rac  that  promote  CGN  survival. 

Antagonism  of  Rac  in  CGNs  using  either  ToxB  or 
N17Racl  triggered  the  release  of  cyt  C  from  mitochondria 
and  activation  of  the  intrinsic  initiator,  caspase-9,  and  the 
executioner,  caspase-3.  Moreover,  CGNs  incubated  with 
ToxB  showed  a  c-Jun-dependent  induction  of  the  BH3-only 
protein,  Bim,  and  mitochondrial  translocation  and  conform¬ 
ational  activation  of  Bax.  c-Jun  activation  and  Bim  induction 
were  similarly  observed  in  CGNs  infected  with  adenoviral 
N17Racl.  The  pyridinyl  imidazole  JNK/p38  inhibitor, 
SB203580,  and  the  JNK-specific  inhibitor,  SP600125,  sup¬ 
pressed  c-Jun  activation,  Bim  induction  and  mitochondrial 
apoptosis  in  CGNs  exposed  to  ToxB.  These  results  show  that 
inactivation  of  Rac  GTPase  is  sufficient  to  induce  a  c-Jun/ 
Bim-dependent  mitochondrial  apoptotic  pathway  in  CGNs 
that  are  maintained  in  full  trophic  support  (i.e.  serum  and 
depolarizing  K+ex).  Thus,  serum-derived  growth  factors  and 
depolarization-mediated  calcium  influx  do  not  provide  a 
buffer  against  c-Jun  activation  and  Bim  induction  in  the  face 
of  Rac  inactivation.  These  data  suggest  that  Rho  family 
GTPases,  and  specifically  Rac  in  CGNs,  regulate  the 
transcriptional  control  of  Bim  at  the  level  of  c-Jun  phos¬ 
phorylation.  Although  many  studies  have  indicated  that  Rac/ 
Cdc42  GTPases  act  as  upstream  activators  of  JNK/c-Jun 
signaling  (Bazenet  et  al.  1998),  others  have  recently  reported 
that  these  G-proteins  can  also  suppress  the  JNK  pathway  via 
PAK-mediated  phosphorylation  of  the  MAP  kinase  kinase 
kinase,  MEKK1  (Gallagher  et  al.  2002).  Therefore,  whether 
Rac  GTPase  positively  or  negatively  regulates  the  JNK/c-Jun 
pathway  in  a  given  cell  type  likely  depends  on  the  specific 
MAP  kinase  kinase  kinases  present.  The  ability  of  PAK  to 
antagonize  c-Jun  activation  and,  as  a  result,  to  inhibit  Bim 
induction,  complements  its  direct  phosphorylation  and 
inhibition  of  another  BH3-only  protein,  Bad  (Schumann 
et  al.  2000).  Thus,  Rac  signaling  through  PAK  may  act  as  a 
key  pro-survival  pathway  in  some  types  of  neurons  by 
suppressing  BH3-only  protein-dependent  mitochondrial 
apoptosis. 

Finally,  a  recent  study  by  Reginato  et  al.  (2003)  demon¬ 
strated  that  Bim  is  strongly  induced  in  epithelial  cells  by  cell 
detachment,  and  down-regulation  of  Bim  using  RNA  inter¬ 
ference  prevents  detachment-induced  apoptosis  or  anoikis. 
These  authors  further  showed  that  the  up-regulation  of  Bim 
during  cell  detachment  was  because  of  loss  of  (31  integrin 
ligation  to  the  ECM  and  down-regulation  of  EGF  receptor 
signaling  to  the  ERK  pathway.  In  this  context,  several  groups 
have  recently  shown  that  Bim  is  targeted  for  degradation 
following  ERK-mediated  phosphorylation  (Ley  et  al.  2003; 
Marani  et  al.  2004).  Given  that  Racl  has  previously  been 


shown  to  transduce  signals  from  the  ECM-ligated  (31  integrin 
to  the  ERK  MAP  kinase  pathway  (Hirsch  et  al.  2002),  it  will 
be  interesting  to  determine  if  inactivation  of  Rac  in  CGNs 
leads  to  suppression  of  the  ERK  pathway  and  if  this  effect 
contributes  to  the  consequential  increase  in  Bim  expression 
that  ultimately  triggers  neuronal  apoptosis. 

In  conclusion,  we  have  shown  that  inactivation  of  Rac 
GTPase,  using  either  C.  difficile  toxin  B  or  dominant  negat¬ 
ive  N17Racl,  provokes  apoptosis  of  primary  cultured  CGNs. 
The  apoptosis  induced  by  antagonism  of  Rac  function  occurs 
via  a  Bim-dependent  mitochondrial  death  pathway  that  is 
significantly  inhibited  by  blockade  of  c-Jun  activation.  Our 
findings  that  Rac  is  a  key  pro-survival  molecule  for  CGNs 
complement  those  of  Kobayashi  et  al.  (2004)  and  Kanekura 
et  al.  (2005)  who  recently  showed  a  critical  role  for  Rho  and 
Rac,  respectively,  in  motor  neuron  survival.  Elucidation  of 
the  pro-survival  signals  generated  by  Rho  family  GTPases  in 
neurons  is  key  to  understanding  how  integrin-mediated 
adhesion  and  growth  factors  suppress  neuronal  apoptosis. 
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Loss  of  trophic  or  activity-dependent  survival  signals  is  commonly 
recognized  as  a  stimulus  for  neuronal  apoptosis  and  may  play  a 
significant  role  in  neurodegeneration.  Recent  data  have  also  implicated 
endoplasmic  reticulum  (ER)  stress  as  an  important  factor  in  some 
neurodegenerative  conditions.  However,  whether  shared  or  unique 
apoptotic  cascades  are  activated  by  trophic  factor  withdrawal  (TFW) 
versus  ER  stress  in  primary  neurons  has  not  previously  been 
investigated.  In  primary  cultures  of  rat  cerebellar  granule  neurons 
(CGNs),  the  ER  stressor  brefeldin  A  activated  a  discrete  pathway 
involving  the  following:  (1)  stimulation  of  the  ER  resident  kinase 
PERK,  (2)  enhanced  phosphorylation  of  the  translation  initiation 
factor  eIF2a,  and  (3)  increased  expression  and  nuclear  localization  of 
the  transcription  factor  Gaddl53/CHOP.  ER  stress-induced  CGN 
apoptosis  was  blocked  by  an  antagonist  of  IP3  receptor-mediated 
Ca2+  release,  2-aminoethoxydiphenyl  borate  (2-APB),  and  by  expres¬ 
sion  of  ER-targeted  Bcl-2.  In  contrast,  CGN  apoptosis  elicited  by  TFW 
(i.e.,  removal  of  serum  and  depolarizing  extracellular  potassium)  did 
not  display  any  ER  stress  component  nor  was  it  blocked  by  either  2- 
APB  or  ER-Bcl-2.  Despite  these  apparent  differences,  both  brefeldin  A 
and  TFW  induced  dephosphorylation  (activation)  of  glycogen  synthase 
kinase-3(3  (GSK-3(3).  Moreover,  inhibitors  of  GSK-3(3  (IGF-I,  lithium) 
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and  caspase-9  (LEHD-fmk)  significantly  protected  CGNs  from  apo¬ 
ptosis  induced  by  either  ER  stress  or  TFW.  These  data  indicate  that  ER 
stress  and  TFW  elicit  distinct  signals  that  activate  GSK-3(3  and  intrinsic 
apoptosis  in  neurons. 

©  2006  Elsevier  Inc.  All  rights  reserved. 
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Introduction 

The  apoptotic  death  of  neurons  is  a  necessary  process  to  remove 
redundant  neuronal  populations  during  nervous  system  develop¬ 
ment.  However,  when  abnormally  regulated,  apoptosis  contributes 
to  a  variety  of  neurodegenerative  diseases.  The  molecular  triggers 
for  apoptosis  induction  include  the  loss  of  essential  cellular 
survival  signals  from  the  extracellular  milieu,  excitotoxic  or 
oxidative  stress,  severe  DNA  damage,  organelle  dysfunction,  and 
receptor-mediated  death  signaling  (Adams,  2003).  Apoptotic 
signaling  involves  both  extrinsic  and  intrinsic/stress-induced  path¬ 
ways.  The  extrinsic  pathway  is  induced  via  death  receptors  [FasR/ 
CD95,  tumor  necrosis  factor  (TNF)  receptor,  TRAIL/DR-5]  that, 
upon  ligand  binding,  initiate  a  caspase-8-mediated  proteolytic 
cascade.  Intrinsic  death  signaling  involves  apoptotic  events  that  are 
induced  by  changes  in  outer  mitochondrial  membrane  penneabil¬ 
ity,  resulting  in  the  release  of  soluble,  pro-apoptotic  signaling 
molecules  (cytochrome  c,  Smac/Diablo,  Omi,  AIF)  from  the 
mitochondrial  intermembrane  space.  The  release  of  cytochrome  c 
to  the  cytosol  activates  a  caspase-9-mediated  proteolytic  cascade 
via  formation  of  the  apoptosome  (a  proteolytically  active  complex 
of  caspase-9,  cytochrome  c,  and  Apaf-1). 
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In  addition  to  death  receptors  and  mitochondria,  the  endoplas¬ 
mic  reticulum  (ER)  is  capable  of  rapidly  inducing  apoptosis  in 
response  to  specific  stress  signals.  These  stresses  include  the 
accumulation  of  improperly  folded  proteins  within  the  ER 
(Rutkowski  and  Kaufman,  2004),  perturbation  of  ER  Ca2+ 
uptake/release  (Chen  et  al.,  2004b;  Scorrano  et  al.,  2003),  and/or 
the  improper  processing  of  specific  surveillance  proteins  within  the 
ER  (Hong  et  al.,  2004).  ER  stress  can  induce  an  initial  adaptive 
cellular  response,  known  as  the  unfolded  protein  response  or  UPR, 
through  induction  of  (1)  the  Irel  transmembrane  kinase/endoribo- 
nuclease,  (2)  the  PERK  (PKR-like  endoplasmic  reticulum  kinase) 
transmembrane  kinase,  or  (3)  ATF6-mediated  signaling  (Rutkow¬ 
ski  and  Kaufman,  2004).  eIF2a  can  be  phosphorylated  by  PERK 
during  ER  stress,  inhibiting  recycling  of  eIF2a  following 
translation  initiation.  This  arrests  most  translation  initiation  within 
the  cell  and  enables  a  UPR-directed  recovery  from  ER  stress. 
However,  unmitigated  ER  stress  ultimately  overwhelms  the  cell, 
leading  to  apoptotic  death.  The  capability  of  ER  stress  to  induce 
intrinsic  apoptosis  is  well  documented  but  is  incompletely 
understood  (Boyce  and  Yuan,  2006).  One  potential  mechanism 
of  ER  crosstalk  with  the  mitochondria  is  Ca2+  release  from  ER 
stores,  mediated  by  the  ER-localized  inositol  1,4,5-trisphosphate 
(IP3)  receptors  and  regulated  by  ER-localized  Bcl-2,  Bax,  and  Bak 
(Hanson  et  al.,  2004;  Scorrano  et  al.,  2003).  Ca2+  signaling  is  a 
central  component  of  ER-initiated  mitochondrial  depolarization 
and  release  of  apoptogenic  factors  (Scorrano  et  al.,  2003; 
Thomenius  and  Distelhorst,  2003;  Verkhratsky  and  Toescu,  2003). 

Recent  studies  have  revealed  ER  stress-induced  apoptotic 
signaling  in  neurodegenerative  diseases.  Alzheimer’s  disease  can 
result  from  mutations  in  two  ER  resident  membrane  proteins, 
presenilin  (PS)  1  and  2,  proteins  in  the  y-secretase  complex. 
Mutations  in  PS1  or  PS2  can  elevate  proteolytic  processing  of 
amyloid  precursor  protein  (APP)  in  the  ER,  increasing  the 
production  of  the  cytotoxic  product  of  APP  proteolysis,  amyloid 
beta  (A(3).  These  mutations  have  been  shown  to  dampen  adaptive 
ER  stress  signaling,  to  elevate  neuronal  sensitivity  to  an  ER  stress- 
induced  apoptosis,  and  to  cause  dysregulation  of  both  ER  and 
cytosolic  Ca2+  concentrations  (Demuro  et  al.,  2005;  Katayama  et 
al.,  2004;  Takuma  et  al.,  2005).  An  additional  group  of 
neurodegenerative  disorders  whose  path  to  apoptotic  death  appears 
to  include  an  ER  signaling  component  is  the  CAG  (polygluta¬ 
mine)  repeat  expansion  diseases,  which  include  Kennedy’s  dis¬ 
ease  and  spinocerebellar  ataxias  (Thomas  et  al.,  2005).  These 
diseases  display  an  accumulation  of  toxic  protein  aggregates  in  the 
affected  neurons.  The  complex  signaling  capabilities  of  the  ER, 
enabling  adaptation  and  recovery  from  cellular  stress  or,  alterna¬ 
tively,  stimulating  apoptotic  progression,  makes  it  a  central  focus 
of  current  research  into  the  cell  biology  of  neurodegenerative 
disease. 

Rat  cerebellar  granule  neurons  (CGNs)  are  an  excellent  source 
of  primary  neurons  for  studies  of  neuronal  apoptosis.  Maintaining 
these  cells  in  the  presence  of  depolarizing  concentrations  of 
extracellular  potassium  (25  mM  KC1  or  25K)  sustains  cellular 
survival  signals  (D’Mello  et  al.,  1993).  A  trophic  factor  withdrawal 
(TFW)  apoptotic  phenotype  is  induced  in  these  cells  by  lowering 
the  concentration  of  extracellular  potassium  (5  mM  KC1  or  5K). 
This  results  in  the  rapid  activation  of  mitochondrial  apoptosis  via 
the  induced  expression  of  a  BH3-only  protein,  Bim  (Linseman  et 
al.,  2002;  Putcha  et  al.,  2001)  and  translocation  of  Bax  to 
mitochondria  (Linseman  et  al.,  2004).  Currently,  only  a  few 
studies  have  examined  ER  stress  signaling  in  primary  neurons,  and 


little  is  known  about  the  involvement  of  the  ER  in  TFW-induced 
apoptosis  of  CGNs.  In  this  study,  we  examined  whether  shared  or 
distinct  apoptotic  signaling  pathways  are  activated  by  TFW  versus 
ER  stress  in  CGNs.  We  report  that  CGNs  utilize  canonical  ER 
stress-induced  apoptotic  pathway  components  to  activate  apoptosis 
when  exposed  to  ER  stressors,  and  that  these  ER  signaling 
mechanisms  are  not  activated  during  TFW-induced  apoptosis. 
Inhibition  of  IP3  receptor-mediated  Ca2+  release  from  the  ER  was 
sufficient  to  rescue  CGNs  from  ER  stress-induced  but  not  TFW- 
induced  apoptosis.  Moreover,  we  show  that  despite  their  distinct 
proximal  signaling  events,  TFW  and  ER  stress  both  activated  the 
pro-apoptotic  kinase,  glycogen  synthase  kinase-3  (3  (GSK-3(3),  and 
triggered  a  caspase-9-dependent  apoptotic  cascade  in  CGNs. 

Results 

eIF2cc  phosphorylation  distinguishes  ER  stress  from  TFW  in  CGNs 

Initially,  we  performed  a  comparative  screen  of  canonical  ER 
stress-activated  signals  induced  in  CGNs  by  either  thapsigargin  or 
TFW.  Cultured  rat  CGNs  were  transferred  to  5K  medium  to  induce 
TFW  or  thapsigargin  was  added  to  induce  ER  stress.  Thapsigargin 
is  a  cell-permeable  inhibitor  of  sarcoplasmic/ER  Ca2+  ATPase 
(SERCA)  pumps,  generating  an  arrest  of  ER  Ca2+  uptake  from  the 
cytosol.  Thapsigargin  is  known  to  induce  a  robust  ER  stress  signal 
in  a  variety  of  cell  types.  Proteins  were  extracted  after  an  acute  8- 
h  exposure  and  used  in  immunoblot  analyses  (Kinexus  Protein 
Screen;  Fig.  1). 

In  examining  the  expression  or  activation  of  select  protein 
targets  during  thapsigargin  treatment,  CGNs  displayed  a  marked 
phosphorylation  of  eIF2a  at  serine-52  (Fig.  1).  In  contrast,  CGNs 
subjected  to  TFW  displayed  no  increase  in  eIF2a  phosphorylation 
relative  to  control  conditions.  Neither  ER  stress  nor  TFW  induced 
detectable  changes  in  the  cellular  content  of  the  ER-chaperones, 
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Fig.  1.  eIF2a  is  differentially  inactivated  in  response  to  apoptotic  stimuli. 
To  compare  CGNs  experiencing  ER  stress  and  TFW,  we  treated  cultures 
with  thapsigargin  (Thap,  20  pM)  or  TFW  medium.  Following  an  8- 
h  incubation,  lysates  were  isolated,  and  a  select  group  of  known  stress 
signaling  targets  was  analyzed  by  Kinexus  Bioinformatics  Corporation 
(Vancouver,  BC,  Canada).  The  eIF2ct  antibody  is  specific  for  the  inactive, 
phosphorylated  form  of  this  initiation  factor  (Ser52).  eIF2a  was  phosphor¬ 
ylated  in  response  to  ER  stress  but  not  TFW. 
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Grp78  and  Grp94,  nor  did  they  induce  the  heat  shock  chaperones, 
Hsp40/DnaJ  and  Hsp60.  An  examination  of  the  ER-associated 
caspase-12  revealed  no  evidence  of  the  cleaved  (active)  form  of  the 
protease,  although  procaspase-12  is  clearly  expressed  in  CGNs. 
Thus,  in  response  to  thapsigargin,  CGNs  display  an  ER  stress 
response  that  is  characterized  by  induction  of  eIF2a  phosphory¬ 
lation  in  the  absence  of  any  apparent  increase  in  either  the 
expression  of  ER  chaperones  or  the  processing  of  pro-caspase-12. 
Moreover,  TFW  does  not  elicit  eIF2a  phosphorylation,  suggesting 
a  lack  of  ER  stress  following  this  apoptotic  stimulus. 


ER  stressors  induce  apoptosis  in  CGNs 

To  further  characterize  CGN  apoptosis  following  ER  stress,  we 
used  three  separate  agents  to  perturb  ER  function  and  activate  ER 
stress  response:  tunicamycin,  an  inhibitor  of  N-linked  glycosyla- 
tion;  brefeldin  A,  an  inhibitor  of  ER  to  Golgi  transport;  and 
thapsigargin.  At  the  indicated  time  points,  CGNs  were  fixed, 
stained  with  DAPI,  and  scored  for  apoptotic  nuclei  (Fig.  2 A). 
CGNs  displayed  differential  sensitivity  to  each  of  the  ER  stressors 
with  brefeldin  A  generating  the  most  robust  apoptotic  response.  To 
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Fig.  2.  Characterization  of  apoptosis  activation  in  CGNs  undergoing  ER  stress.  (A)  CGN  cultures  were  grown  in  the  presence  of  ER  stress-inducing  toxins  to 
assess  apoptotic  activation  over  a  period  of  72  h.  ER  stress  inducers  included  tunicamycin  (25  or  50  pM),  brefeldin  A  (2  or  20  pM),  and  thapsigargin  (2  or  20 
pM).  At  the  indicated  time  points,  CGNs  were  fixed  in  4%  paraformaldehyde  and  nuclei  were  stained  with  DAPI.  The  percentage  of  apoptotic  nuclei  was 
determined  using  fluorescence  microscopy.  (B)  Immunocytochemistry  was  performed  to  assess  activation  of  caspase-3  and  the  integrity  of  cellular  microtubule 
networks.  CGNs  were  cultured  for  24  h  in  the  presence  or  absence  of  brefeldin  A  (Bref  A,  20  pM)  or  thapsigargin  (Thap,  20  pM).  Cells  were  then  fixed  in  4% 
paraformaldehyde,  permeabilized,  and  analyzed  via  immunocytochemistry  (see  Experimental  methods).  Cells  were  incubated  with  primary  antibodies  to  detect 
active  caspase-3  (rabbit  polyclonal,  red)  and  tubulin  (mouse  monoclonal,  green).  Secondary  antibodies  were  Cy3 -conjugated  anti-rabbit  and  FITC-conjugated 
anti-mouse  conjugates.  Nuclei  were  stained  using  DAPI  (blue).  Scale  bar  is  20  pm.  (C)  Immunoblot  analysis  of  CGN  cell  lysates  was  performed  to  assess 
expression  of  Gaddi  53/CHOP  and  phosphorylation  of  eIF2a  during  ER  stress.  CGNs  were  cultured  for  12  h  in  the  presence  or  absence  of  brefeldin  A  (Bref  A, 
20  pM),  thapsigargin  (Thap,  5  pM),  or  TFW  medium.  Lysates  were  prepared  from  treated  cells  and  proteins  analyzed  by  immunoblot  analysis.  Analysis  of  p>- 
actin  is  included  as  a  loading  control. 
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evaluate  morphological  indices  of  apoptosis,  we  performed 
immunocytochemistry  after  24  h  of  ER  stress  to  measure 
caspase-3  activation  and  disruption  of  the  cytoskeleton.  An 
antibody  specific  for  the  cleaved  (active)  form  of  caspase-3 
(Cy3)  and  an  anti-tubulin  antibody  (FITC)  were  used  to  examine 
cells  exposed  to  ER  stressors.  CGNs  with  condensed  or  fragmented 
nuclei  consistently  stained  positively  for  caspase-3  activity  and 
displayed  a  deteriorated  microtubule  cytoskeleton  (Fig.  2B).  Using 
these  morphological  criteria,  brefeldin  A  was  again  shown  to 
induce  the  strongest  apoptotic  response  in  CGNs. 

To  confirm  that  brefeldin  A  was  inducing  CGN  apoptosis  via  an 
ER  stress  pathway,  we  next  examined  its  effects  on  Gaddl53/CHOP 
induction  and  eIF2a  phosphorylation.  Gaddi 53  dimerizes  with  C / 
EPB(i  to  bind  DNA  and  regulate  the  expression  of  pro-death  and 
pro-survival  genes  (Marciniak  et  al.,  2004;  Wang  et  al.,  1998; 
Yamaguchi  and  Wang,  2004).  Elevated  expression,  phosphorylation, 
and  nuclear  localization  of  the  Gaddl53  transcription  factor  has  been 
associated  with  ER  stress-induced  apoptosis  in  non-neuronal  cell 
lines  (Marciniak  et  al.,  2004;  Oyadomari  and  Mori,  2004; 
Yamaguchi  and  Wang,  2004).  As  is  shown  (Fig.  2C),  a  12-h  exposure 
to  either  brefeldin  A  or  thapsigargin  resulted  in  a  robust  phosphor¬ 
ylation  of  eIF2a  relative  to  the  TFW  and  control  samples. 
Densitometry  was  performed  to  identify  the  ratio  of  phosphorylated 
eIF2a  to  total  eIF2a  under  each  condition.  When  normalized  to 
control  neurons,  brefeldin  A  and  thapsigargin  were  shown  to 
generate  an  80%  (1.8-fold)  and  140%  (2.4-fold)  increase  in  eIF2a 
phosphorylation  (respectively).  TFW-treated  neurons  showed  a  35% 
reduction  in  eIF2a  phosphorylation.  Gaddi  53  expression  was 
induced  by  both  ER  stressors  but  showed  no  increase  following 
TFW  induction.  These  data  indicate  that  brefeldin  A,  like 
thapsigargin,  induces  eIF2a  phosphorylation  and  Gaddl53  expres¬ 
sion,  consistent  with  ER  stress-induced  CGN  apoptosis.  In  contrast, 
TFW  shows  no  ER  stress  component,  displaying  neither  eIF2a 
phosphorylation  nor  increased  Gaddl53  expression. 

ER  stress,  but  not  TFW,  induces  PERK  activation  and  enhanced 
Gaddi  53/CHOP  localization  within  the  nucleus 

Gaddi 53  is  observed  in  the  cytosol  and  nucleus  of  non-stressed 
cells  (Cui  et  al.,  2000)  and  displays  increased  expression  and 
prominent  nuclear  localization  during  ER  stress  (Lorz  et  al.,  2004). 
PERK  is  an  ER  resident  transmembrane  kinase  that  is  known  to 
autophosphorylate  on  the  cytoplasmic  kinase  domain  in  response 
to  accumulated  unfolded  proteins  in  the  ER  lumen.  Activated 
PERK  is  capable  of  phosphorylating  several  cytosolic  proteins 
including  eIF2a  (Rutkowski  and  Kaufman,  2004).  Gaddi  53 
localization  and  PERK  activation  (phosphorylation)  were  assessed 
immunocytochemically  in  CGNs  exposed  to  either  TFW  or 
brefeldin  A  (Fig.  3A).  Control  neurons  displayed  a  cytosolic 
localization  of  Gaddi 53  (Cy3-red),  only  weak  reactivity  with 
phospho-PERK  (active;  FITC-green)  antibodies,  and  uncondensed 
nuclei  (DAPI-blue).  TFW  generated  apoptotic  nuclei  (DAPI-blue), 
but  no  significant  change  in  either  Gaddl53  localization  or  PERK 
phosphorylation.  However,  brefeldin  A-treated  CGNs  displayed  a 
clear  redistribution  of  Gaddi  53  to  the  nucleus  (Cy3-red)  coincident 
with  diminished  cytosolic  staining  and  condensed  apoptotic  nuclei 
(DAPI-blue).  Translocation  of  Gaddl53  to  the  nucleus  is  consistent 
with  an  ER  stress-induced  transcriptional  response  mediated  by 
Gaddi  53.  Moreover,  the  activated,  phosphorylated  form  of  PERK 
(Thr980)  showed  a  bright,  punctate,  perinuclear  localization  in 
brefeldin  A-treated  cells,  consistent  with  its  activation  within  the 


ER  (FITC-green).  As  a  control  for  brefeldin  A-induced  stress  that 
might  be  independent  of  ER  stress,  cells  were  exposed  to  brefeldin 
A  in  the  presence  of  actinomycin  D,  a  potent  transcriptional 
blocker  that  dramatically  lowers  protein  synthesis  in  the  ER. 
Actinomycin  D-treated  neurons  did  not  display  Gaddi 53  translo¬ 
cation  to  the  nucleus  or  enhanced  PERK  phosphorylation 
following  exposure  to  brefeldin  A  (data  not  shown). 

Co-localization  studies  were  used  to  determine  if  the  phospho- 
PERK-reactive  staining  observed  in  brefeldin  A-treated  CGNs  was 
indeed  localized  to  the  ER.  CGNs  were  transfected  with  a  plasmid 
encoding  an  ER-specific  red  fluorescent  protein  (KDEL  ER-retention 
motif,  pDsRed2-ER).  As  lipid-based  transfection  is  highly  toxic  to 
primary  neurons,  a  gene  gun  strategy  was  employed.  Plasmid-coated 
gold  pellets  were  shot  into  the  adherent  CGNs  using  a  high-pressure 
burst  of  helium  gas,  and  cells  were  exposed  to  experimental  treatments 
24  h  later.  Transfected  cells  exhibited  a  membranous,  peri-nuclear  red 
fluorescence,  consistent  with  ER  localization  and  morphology  (Fig. 
3B).  Control  and  brefeldin  A-treated,  ER-red  transfected  cells  were 
analyzed  for  phospho-PERK  intensity  and  localization.  Whereas 
control  cells  displayed  essentially  no  phospho-PERK  reactivity, 
brefeldin  A-treated  cells  displayed  a  punctate  staining  as  was 
previously  observed,  and  this  fluorescence  co-localized  with  vesicu- 
larized  ER  in  apoptotic  cells  (Fig.  3B,  lower  panels).  Collectively,  the 
data  presented  thus  far  show  that  brefeldin  A  induces  PERK 
activation,  enhanced  phosphorylation  of  eIF2a,  and  translocation  of 
Gaddi  53/CHOP  to  the  nucleus  of  CGNs.  In  contrast,  neurons 
subjected  to  TFW  are  indistinguishable  from  controls  with  regard  to 
these  ER  stress-specific  characteristics. 

IP j  receptor-mediated  Ca2+  release  is  required  for  ER 
stress-induced  apoptosis  but  not  TFW-induced  apoptosis  of  CGNs 

It  is  believed  that  the  release  of  Ca2+  from  the  ER  plays  a  central 
role  in  the  activation  of  mitochondrial  apoptosis.  Mediators  of  the 
pro-apoptotic  release  of  ER  Ca2+  have  not  been  well  characterized, 
although  pro-apoptotic  Bcl-2  family  members  (Bax  and  Bak)  have 
been  shown  to  deplete  ER  Ca2+  when  overexpressed  (Scorrano  et  al., 
2003).  IP3  receptors  are  known  to  activate  endogenous,  store- 
operated  Ca2+  release  from  the  ER  in  response  to  cytosolic  IP3 
signaling  and  ER  stress  (Szabadkai  and  Rizzuto,  2004).  To  evaluate 
IP3  receptor-based  Ca2+  release  as  a  component  of  apoptotic 
signaling  in  CGNs,  we  utilized  2-aminoethoxydiphenyl  borate  (2- 
APB),  a  cell-permeable  IP3  antagonist  and  inhibitor  of  IP3R- 
mediated  Ca2+  release  from  the  ER  (Mamyama  et  al.,  1997). 
Neurons  were  cultured  in  the  presence/absence  of  20  pM  2-APB  and 
exposed  to  either  TFW  or  brefeldin  A  for  24  h  (Fig.  4A).  In  control 
cells,  20  pM  2-APB  was  mildly  cytotoxic,  elevating  the  percentage 
of  apoptotic  cells  by  ~10%  over  a  period  of  24  h.  In  brefeldin  A- 
treated  samples,  2-APB  significantly  inhibited  the  ER  stress-induced 
activation  of  apoptosis,  reducing  the  number  of  apoptotic  cells  from 
~54%  (BA)  to  ~17%  (BA  +  2-APB)  over  a  24-h  exposure.  In 
contrast,  TFW  induced  an  apoptotic  morphology  in  ~69%  of  the 
neurons,  and  inclusion  of  2-APB  displayed  no  ability  to  block  this 
apoptotic  signal  (~89%  apoptotic).  Thus,  2-APB-mediated  protec¬ 
tion  from  neuronal  apoptosis  was  specific  for  ER  stress  signaling. 

2-APB  has  not,  to  our  knowledge,  previously  been  shown  to 
block  an  ER  stress-induced  apoptosis.  Thus,  we  chose  to  examine 
the  affect  of  2-APB  upon  cells  undergoing  a  well-characterized  ER 
stress  that  results  in  apoptosis.  tsBN7  hamster  fibroblasts  carry  a 
temperature-sensitive  mutation  in  a  subunit  of  the  ER-localized 
oligosaccharyltransferase  complex  (Sanjay  et  al.,  1998)  and  display  a 
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Fig.  3.  Iramunocytochemical  analysis  of  Gaddl53/CHOP  translocation  and  PERK  activation  downstream  of  ER  stress  and  TFW.  (A)  CGNs  were  seeded  onto 
polyethyleneimine-treated  glass  coverslips,  then  transferred  to  control  media  (+  brefeldin  A,  20  pM),  or  TFW  media  for  12  h.  Fixed  cells  were  penneabilized 
and  then  incubated  with  antibodies  to  CE10P/Gaddl53  (mouse  monoclonal)  and  phosphorylated  (active)  PERK  (rabbit  polyclonal).  Bound  antibodies  were 
detected  with  Cy3-conjugated  anti-mouse  and  FITC-conjugated  anti-rabbit  secondary  antibodies.  Nuclei  were  stained  using  DAPI  (blue).  Brefeldin  A-treated 
cells  displayed  a  clear  translocation  of  CE10P/Gaddl53  (red)  to  the  nucleus  and  an  increase  in  phosphorylated  PERK  (green).  TFW  induced  neither  of  these 
effects,  although  apoptotic  nuclei  were  clearly  observed.  Scale  bar  is  10  pm.  (B)  Gene  gun-mediated  transfection  of  CGNs  was  used  to  evaluate  the  cellular 
localization  of  phosphorylated  PERK  relative  to  the  endoplasmic  reticulum  (ER).  CGNs  were  seeded  onto  coverslips  and  transfected  with  pDsRed2-ER  (ER- 
RFP,  see  Experimental  methods)  using  plasmid-coated  gold  beads  and  the  Elelios  Gene-Gun  apparatus  (Bio-Rad,  Hercules  CA,  USA).  Plasmid-bearing  cells 
display  a  red  fluorescence  in  the  ER.  Transfected  cells  were  allowed  24  h  for  recovery  and  were  then  shifted  to  control  media  ( i  brefeldin  A,  20  pM)  for  12  h. 
Immunolocalization  of  phosphorylated  PERK  (green)  was  performed  as  described  above  and  revealed  a  clear  co-localization  of  phosphorylated  PERK  with  the 
ER.  Scale  bar  is  10  pm. 


temperature-induced  defect  in  N-linked  glycosylation,  which  acti¬ 
vates  ER-stress  signaling,  and  a  mitochondria-dependent  apoptotic 
death  (Niederer  et  al.,  2005).  At  the  restrictive  temperature  of 
39.5°C,  tsBN7  cells  displayed  a  marked  induction  of  apoptotic  death 
(Fig.  4B),  increasing  from  —7%  apoptosis  observed  in  non-stressed 
cells  to  -20%  (24  h)  and  then  -35%  (30  h).  When  2-APB  (20  or  50 
pM)  was  included  in  the  medium,  the  restrictive  temperature  induced 
only  a  modest  increase  in  apoptotic  cells.  For  example,  after  30  h  at 
the  restrictive  temperature,  cells  containing  50  pM  2-APB  displayed 
only  —9%  apoptosis.  Thus,  inhibition  of  IP3  receptor-mediated  Ca2+ 
release  is  sufficient  to  inhibit  an  ER  stress-induced  apoptosis  in  both 


primary  rat  neurons  and  hamster  fibroblasts  but  is  unable  to  inhibit 
neuronal  apoptosis  elicited  by  TFW. 

ER-targeted  BcI-2  selectively  inhibits  brefeldin  A-induced  CGN 
apoptosis 

Bcl-2  is  a  well-known,  anti-apoptotic  resident  of  the  mitochon¬ 
drial  outer  membrane.  Bcl-2  proteins  associate  with  pro-apoptotic 
proteins  such  as  Bax  and  Bak,  inhibiting  their  capacity  to 
penneabilize  the  outer  mitochondrial  membrane  and  enable  the 
release  of  apoptosis-inducing  mitochondrial  components  such  as 
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Shore,  2004).  A  recent  report  has  shown  Bcl-2ER  to  interact 
directly  with  the  IP3  receptor  and  to  inhibit  IP3-activated  Ca2+ 
release  from  the  ER  (Chen  et  al.,  2004b).  Thus,  if  Bcl-2ER  and  2- 
APB  both  perturb  IP3  receptor-mediated  Ca2+  release,  they  should 
display  a  similar  specificity  for  arresting  ER-dependent  apoptotic 
signals. 

Neurons  were  transfected  with  a  plasmid  encoding  either  a  Bcl- 
2/GFP  fusion  protein  or  GFP  only.  Plasmid-coated  pellets  were 
shot  onto  coverslips  with  attached  primary  neurons.  ER  stress  or 
TFW  was  induced  for  a  period  of  12  h  and  neurons  were 
subsequently  fixed,  stained  with  DAPI,  and  examined  using 
fluorescence  microscopy.  Overexpression  of  wild-type  Bcl-2  was 
found  to  inhibit  both  TFW-  and  brefeldin  A-induced  apoptosis. 
This  result  is  difficult  to  interpret  as  Bcl-2  is  known  to  act  at  both 
the  mitochondria  and  the  ER,  but  it  does  reveal  both  apoptotic 
signals  to  act  via  a  Bcl-2-regulated  process.  Attempts  to  express  a 
mitochondria-specific  Bcl-2  in  CGNs  were  unsuccessful,  presum¬ 
ably  because  of  the  toxicity  of  high  levels  of  mitochondrial  Bcl-2 
that  have  been  noted  previously  (Wang  et  al.,  2001).  An  ER- 
specific  Bcl-2  was  used  in  subsequent  experiments  to  examine  the 
capacity  of  Bcl-2ER  to  inhibit  apoptotic  signaling.  The  Bcl-Cb5 
fusion  protein  contains  Bcl-2  fused  to  the  C-terminus  of  rat 
cytochrome  B5,  which  targets  the  fusion  protein  to  the  ER 
membrane  (Thomenius  and  Distelhorst,  2003;  Wang  et  al., 
2001).  Neurons  expressing  Bcl-2ER/GFP  displayed  fluorescence 
in  a  perinuclear  pattern,  consistent  with  ER  localization,  whereas 
cells  expressing  the  GFP  control  protein  displayed  an  evenly 
distributed  cytosolic  localization  (Fig.  5A).  Neurons  expressing 
GFP  alone  displayed  a  normal  induction  of  apoptotic  morphology 
following  exposure  to  brefeldin  A  or  TFW  activation  (~40% 
apoptosis  at  12  h).  Neurons  expressing  the  Bcl-2ER/GFP  fusion 
protein  displayed  a  clear  reduction  in  brefeldin  A-induced 
apoptosis  ( — 19%),  but  no  inhibition  of  5K-induced  apoptosis 
(~39%).  Bcl-2 ER  provides  a  significant  protection  for  CGNs 
experiencing  ER  stress,  but  not  those  experiencing  TFW. 

TFW  and  brefeldin  A-induced  apoptosis  is  blocked  by  IGF-I  and 
GSK-3(S  inhibitors 


Fig.  4.  An  IP3  receptor-mediated  Ca2+  release  is  required  for  ER  stress- 
induced  apoptosis,  but  not  TFW-induced  apoptosis.  (A)  CGNs  were 
cultured  for  12  h  in  the  presence  or  absence  of  brefeldin  A  (Bref  A,  20 
pM)  or  TFW.  Duplicate  samples,  ±2-aminoethoxydiphenyl  borate  (2-APB, 
20  pM),  were  generated  to  assess  involvement  of  IP3R-mediated  Ca2+ 
release  in  the  activation  of  apoptosis  under  each  condition.  Following 
incubation,  cells  were  fixed  in  4%  paraformaldehyde  and  stained  with 
DAPI.  Apoptosis  was  scored  by  examination  of  nuclear  morphology.  2- 
APB  significantly  elevated  apoptotic  counts  in  control  cells  and  TFW- 
treated  cells  revealing  a  mild  toxicity  of  this  agent.  In  cells  experiencing  ER 
stress,  2-APB  inhibited  the  activation  of  apoptosis.  The  data  shown 
represent  the  mean  ±  SEM  for  at  least  three  independent  experiments,  and 
an  asterisk  (*)  denotes  statistical  difference  among  treatments  ( P  <  0.05) 
using  a  one-way  ANOVA  test.  (B)  Hamster  fibroblast  cells  (tsBN7)  were 
cultured  at  39.5°C  to  induce  ER  stress  (+2-APB,  20  pM  or  50  pM).  Cells 
were  then  fixed,  stained,  and  counted  as  described  in  panel  A.  2-APB  was 
sufficient  to  inhibit  ER  stress-induced  apoptosis  in  either  cell  type  but  did 
not  inhibit  TFW-induced  apoptosis. 

cytochrome  c  (Kuwana  and  Newmeyer,  2003).  A  small  percentage 
of  native  Bcl-2  exists  in  the  membrane  of  the  ER,  and  over¬ 
expression  of  ER-targeted  Bcl-2  (Bcl-2ER)  has  been  shown  to 
perturb  stress-induced  Ca2+  release  from  the  ER  (Distelhorst  and 


Insulin-like  growth  factor-I  (IGF-I)  blocks  CGN  apoptotic 
activation  following  TFW  (Linseman  et  al.,  2002).  IGF-I  interacts 
with  the  IGF-I  receptor  to  induce  cellular  survival  via  activation  of 
phosphatidylinositol-3  (PI3)  kinase  and  subsequent  Akt/PKB 
signaling,  elevated  expression  of  the  anti-apoptotic  Bcl-2  and 
Bcl-XL  proteins,  and  diminished  expression  of  the  pro-apoptotic 
Bax,  Bim,  and  Bcl-Xs  proteins  (Heidenreich,  2003;  Linseman  et 
al.,  2002).  To  determine  if  IGF-I  has  a  similar  influence  upon  the 
brefeldin  A-induced  apoptotic  signal,  we  exposed  CGNs  to 
apoptosis-inducing  conditions  in  the  presence/absence  of  IGF-I. 
Exposure  to  TFW  or  brefeldin  A  induced  apoptotic  nuclei  in  ~67% 
and  ~52%  of  the  neurons,  respectively,  whereas  control  neurons 
displayed  ~10%  apoptosis  (Fig.  6A).  IGF-I  protected  CGNs  from 
both  TFW-  and  brefeldin  A-induced  apoptosis,  reducing  apoptosis 
to  ~20%  and  10%,  respectively.  This  result  reveals,  for  the  first 
time  in  this  study,  a  shared  component  of  neuronal  apoptosis 
induction  utilized  by  these  distinct  stressors. 

One  target  of  IGF-induced  neuroprotection  is  the  pro-apoptotic 
kinase  GSK-3(3,  whose  activity  is  inhibited  by  Akt-mediated 
phosphorylation  at  Serine-9.  GSK-3(3  is  a  complex  cellular  kinase, 
regulating  a  variety  of  processes  including  glycogen  metabolism, 
Wnt  signaling  during  development,  cell  proliferation,  and  apopto- 
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Fig.  5.  Overexpression  of  an  ER-localized  Bcl-2  inhibits  ER  stress-induced  apoptosis,  but  not  TFW-induced  apoptosis.  (A)  Gene  gun-mediated  transfection  was 
used  to  generate  CGNs  expressing  an  ER-specific  Bcl-2-GFP  fusion  protein  or  a  GFP  control  protein.  CGNs  were  seeded  onto  coverslips  and  transfected  with 
pGFP-Bcl-2-Cb5  or  pGFP  (GFP-only  control  plasmid)  using  the  Helios  Gene-Gun,  as  described  previously.  Plasmid-bearing  CGNs  displayed  green 
fluorescence  in  a  peri-nuclear  pattern,  consistent  with  ER  localization  (GFP-Bcl-2-Cb5)  or  a  generalized  cytosolic  localization  (GFP-only).  Nuclei  are  stained 
with  DAPI  (blue).  In  transfected  cells,  the  gold  beads  are  typically  visible  (see  arrows).  Scale  bar  is  10  pm.  (B)  Apoptosis  was  assessed  in  CGNs  expressing 
high  levels  of  Bcl-2  in  the  ER.  Transfected  CGNs  were  cultured  in  control  medium  (ibrefeldin  A,  20  pM)  or  TFW  media  for  a  period  of  12-14  h.  Apoptotic 
cells  were  clearly  visible  as  cells  displaying  neurite  deterioration,  nuclear  condensation,  and  fragmentation.  The  data  shown  represent  the  mean  ±  SEM  for  at 
least  three  independent  experiments,  and  an  asterisk  (*)  denotes  statistical  difference  among  treatments  ( P  <  0.05)  using  a  one-way  ANOVA  test.  Bcl-2ER 
inhibited  apoptosis  in  cells  experiencing  ER  stress  but  did  not  inhibit  apoptosis  in  cells  experiencing  TFW. 


sis  (Frame  and  Cohen,  2001).  The  kinase  activity  of  GSK-3  [3  can 
be  blocked  in  vivo  with  the  addition  of  lithium  to  the  cell  culture 
medium  as  a  potent,  non-competitive  inhibitor  (Hongisto  et  al., 
2003).  LiCl  (20  mM)  addition  protected  CGNs  from  apoptosis 
induced  by  either  TFW  or  brefeldin  A,  displaying  populations  of 
neurons  that  were  phenotypically  indistinguishable  from  the  25K 
control  cells  (Fig.  6A).  Consistent  with  inhibitors  of  GSK-3  (3 
blocking  apoptosis  induced  by  TFW  or  ER  stress,  both  TFW  (Fig. 
6B)  and  brefeldin  A  (Fig.  6C)  elicited  a  marked  acute  dephos¬ 
phorylation  (activation)  of  GSK-3  (3.  In  the  case  of  TFW,  GSK-3  (3 
dephosphorylation  was  detected  as  early  as  1  h  after  5K  treatment, 
consistent  with  our  previous  data  (Linseman  et  al.,  2004).  In 
brefeldin  A-treated  CGNs,  GSK-3  (3  dephosphorylation  was  some¬ 
what  delayed  but  was  prominent  after  8  h.  GSK-3  (3  dephosphor¬ 
ylation  was  detectable  in  brefeldin  A-treated  CGNs  by  either  loss 
of  a  band  with  decreased  mobility  in  blots  probed  with  a  GSK-3  (3 
antibody  (Fig.  6C,  left  blot)  or  loss  of  phospho-GSK-3  (3  in  blots 


probed  with  a  phospho-Ser9-specific  antibody  (Fig.  6C,  right  blot). 
Densitometry  was  performed  to  quantify  the  ratio  of  phospho- 
GSK-3p/total-GSK-3[3  in  TFW-  or  brefeldin  A-treated  neurons 
relative  to  control  neurons.  TFW  generated  a  70%  reduction  in 
GSK-3  (3  phosphorylation  within  two  h,  and  brefeldin  A  generated 
a  93%  reduction  in  GSK-3  (3  phosphorylation  within  8  h.  Thus, 
activation  of  GSK-3  (3  is  a  shared  component  of  both  TFW  and  ER 
stress  apoptotic  induction  in  CGNs. 

TFW  and  ER  stress  each  induce  CGN  apoptosis  via  a 
caspase-9-dependent  pathway 

To  confirm  that  TFW  and  ER  stress  apoptotic  signals  were 
transduced  through  the  intrinsic  death  pathway,  we  evaluated  the 
role  of  the  mitochondrial  initiator,  caspase-9,  in  CGN  apoptosis 
elicited  by  each  of  these  stressors.  Immunocytochemistry  of  CGNs 
exposed  to  TFW  and  brefeldin  A  revealed  a  clear  activation  of 
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Fig.  6.  Distinct  apoptosis  signaling  pathways  downstream  of  ER  stress  and 
TFW  converge  at  GSK-3(3.  (A)  CGNs  were  incubated  for  24  h  in  control 
medium  (±brefeldin  A,  20  pM)  or  TFW  medium.  LiCl  (20  mM)  or  insulin¬ 
like  growth  factor-I  (IGF-I,  200  ng/ml)  were  evaluated  for  their  ability  to 
inhibit  apoptotic  activation  in  TFW  and  brefeldin  A-treated  CGNs.  Following 
incubation,  cells  were  fixed  in  4%  paraformaldehyde,  and  nuclei  were  stained 
with  DAPI.  The  percentage  of  apoptotic  nuclei  was  determined  using 
fluorescence  microscopy,  scoring  ~500  cells/experimental  replicate.  The  data 
shown  represent  the  mean  ±  SEM  for  at  least  three  independent  experiments, 
and  an  asterisk  (*)  denotes  statistical  difference  among  treatments  ( P  <  0.05) 
using  a  one-way  ANOVA  test.  (B,  C)  CGNs  were  incubated  in  control 
medium  (±brefeldin  A,  20  pM)  for  8  h  or  TFW  medium  for  1-2  h.  Proteins 
from  cellular  lysates  were  resolved  by  SDS-PAGE,  transferred  to  PVDF 
membranes,  and  immunoblotted  with  a  GSK-3|3  or  a  phospho-specific  GSK- 
3(3  (Ser9)  antibody.  Dephosphorylation  at  serine  9  indicates  activation  of 
GSK-3(3  signaling.  The  GSK-3(3  antibody  detects  unphosphorylated  GSK-3(3 
as  well  as  phospho-GSK-3  (3  (Ser9).  The  GSK-3(3  antibody  reveals  a  decrease 
in  phospho-GSK-3(3  (Ser9)  and  a  slight  increase  in  unphosphoiylated  GSK- 
3(3  (left  panel).  A  decrease  in  phospho-GSK-3(3  (Ser9)  was  also  detected 
using  the  phospho-specific  GSK-3(3  (Ser9)  antibody  (right  panel).  (B)  NS  = 
non-specific  band  detected  by  the  p-GSK-3(3  antibody  that  is  shown  as  a 
loading  control.  (C)  Both  blots  were  stripped  and  reprobed  with  an  antibody 
to  (3-actin  to  show  equal  loading. 


caspase-9  activity  and  the  coincident  condensation/fragmentation  of 
cellular  nuclei  (Fig.  7A).  To  evaluate  if  caspase-9  activity  was 
required  for  apoptotic  induction  under  these  conditions,  LEHD,  we 
used  a  potent  competitive  and  irreversible  peptide  inhibitor  selective 
for  caspase-9.  Cultures  were  exposed  to  the  indicated  stressor  for  24 
h  in  the  presence  or  absence  of  cell-permeable  LEHD,  and  apoptotic 
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Fig.  7.  Brefeldin  A  and  TFW  initiate  apoptosis  via  caspase-9  activity.  (A) 
CGNs  were  seeded  onto  glass  coverslips,  and  then  cultured  in  control 
medium  (±brefeldin  A,  20  pM),  or  TFW  medium  for  16  h.  Samples  were 
fixed,  permeabilized,  and  incubated  with  an  antibody  to  active  caspase-9 
(rabbit  polyclonal,  Cy3  anti-rabbit  secondary  antibody).  Nuclei  were 
stained  using  DAPI.  Both  brefeldin  A  and  TFW-treated  samples  displayed 
a  robust  activation  of  caspase-9  staining  and  apoptotic  nuclear  morphology. 
Scale  bar  is  10  pm.  (B)  To  assess  the  role  of  caspase-9  in  the  apoptosis  of 
CGNs  experiencing  ER  stress  or  TFW,  we  used  a  caspase-9  inhibitor.  CGNs 
were  cultured  for  24  h  in  control  medium  (±brefeldin  A,  20  pM)  or  TFW 
medium.  Replicate  samples  contained  a  cell-permeable  inhibitor  of  caspase- 
9  activity,  z-LEHD-fmk  (LEHD,  100  pM).  After  incubation,  cells  were 
fixed  in  4%  paraformaldehyde  and  stained  with  DAPI.  Samples  were  scored 
for  apoptosis  as  previously  described.  The  data  shown  represent  the  mean  ± 
SEM  for  at  least  three  independent  experiments,  and  an  asterisk  (*)  denotes 
statistical  difference  among  treatments  ( P  <  0.05)  using  a  one-way 
ANOVA  test.  LEHD  inhibited  both  TFW-  and  ER  stress-induced  apoptosis, 
revealing  caspase-9  to  be  required  for  the  activation  of  apoptosis  under 
these  conditions. 
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nuclei  were  quantified  using  fluorescence  microscopy  (Fig.  7B). 
Apoptosis  induced  by  either  TFW  or  brefeldin  A  was  nearly 
completely  blocked  by  caspase-9  inhibition  revealing  both  apoptotic 
signals  to  require  the  activation  of  caspase-9  for  neuronal  death. 

Discussion 

The  activation  of  cellular  apoptosis  in  CGNs  can  result  from  a 
diverse  array  of  cellular  signals  and  stresses.  In  this  study,  we  have 
characterized  the  mechanism  of  apoptosis  activation  during  endo¬ 
plasmic  reticulum  stress,  and  the  status  of  ER  stress  pathways  when 
neuronal  apoptosis  is  induced  by  TFW.  Brefeldin  A,  a  known  ER 
stressor,  was  shown  to  induce  clear  indications  of  ER  signaling, 
caspase  activation,  neurite  degeneration,  and  nuclear  degradation. 
ER  stress  signaling  was  revealed  as  phosphorylation  of  eIF2a  and 
PERK,  accompanied  by  increased  expression  and  nuclear  localiza¬ 
tion  of  Gaddl53/CHOP.  TFW  generated  none  of  the  above  stress 
signals  despite  a  robust  activation  of  caspase  activity  and  apoptosis. 
Thus,  ER  stress  activates  an  initial  signal  that  is  distinct  from  that 
activated  by  TFW.  Both  ER  stress  and  TFW  were  found  to  induce 
dephosphorylation  (activation)  of  GSK-3  p,  a  central  cellular  kinase 
that  regulates  apoptosis  in  CGNs.  GSK-3  p  inhibition  was  sufficient 
to  block  apoptosis  activation  under  either  condition.  Furthermore, 
both  ER  stress  and  TFW  were  shown  to  require  the  activation  of 
caspase-9  to  induce  apoptosis.  Thus,  despite  originating  from  distinct 
cellular  signals,  both  ER  stress  and  TFW  activate  apoptotic  signals 
that  ultimately  converge  on  GSK-3  p  and  caspase-9  to  induce  the 
intrinsic  apoptotic  pathway  (Fig.  8). 

This  work  reveals  IP3  receptors  to  contribute  an  essential 
component  of  ER- induced  apoptotic  signaling  in  CGNs.  The  ER 


Fig.  8.  A  model  of  TFW  and  ER  stress  signaling  convergence  to  induce 
intrinsic  CGN  apoptosis. 


can  induce  apoptosis  via  the  mPT,  and  although  the  mechanism  is 
not  well  understood,  it  is  clear  that  Ca2+  release  from  the  ER 
followed  by  elevated  cytosolic  Ca2+  can  induce  the  mPT  and 
subsequent  apoptotic  death  (Assefa  et  al.,  2004).  A  depletion  of 
lumenal  ER  Ca2+  stores  is  protective  against  several  apoptotic  insults 
that  utilize  the  intrinsic  pathway,  consistent  with  a  central  role  for  ER 
Ca2+  release  in  activating  the  mPT  (Distelhorst  and  Shore,  2004).  IP3 
receptors  have  been  a  focal  point  for  studies  on  pro-apoptotic  Ca2+ 
release  from  the  ER.  Diminished  expression  of  IP3  receptor  isofonns 
is  protective  against  apoptotic  activation  (Hanson  et  al.,  2004),  and 
recent  evidence  has  identified  suppression  of  IP3  receptor- 1 
expression  as  the  key  anti-apoptotic  mode  of  action  for  the 
transcription  factor,  nuclear  factor-KB  (NF-kB)  (Camandola  et  al., 
2005).  In  addition,  IP3  receptors  that  “leak”  Ca2+  are  generated  by 
caspase-3-mediated  proteolysis  (Assefa  et  al.,  2004)  and  by 
interaction  with  cytosolic  cytochrome  c  (Boehning  et  al.,  2005). 
The  expression  of  high  levels  of  Bcl-2  in  the  ER  has  been  shown  to 
protect  against  several  forms  of  apoptosis  (Thomenius  and 
Distelhorst,  2003),  and  recent  evidence  has  shown  Bcl-2ER  to 
interact  directly  with  IP3  receptors  to  dampen  Ca2+  release  during 
stress  (Chen  et  al.,  2004b).  In  this  work,  both  Bcl-2ER  and  an  IP3 
receptor  antagonist  were  sufficient  to  block  apoptosis  activation  in 
CGNs  experiencing  ER  stress  but  were  unable  to  block  TFW- 
induced  apoptosis.  These  data  are  consistent  with  IP3  receptors 
playing  an  essential  role  in  ER  stress-specific  apoptosis  signaling. 

GSK-3  has  been  traditionally  associated  with  the  regulation  of 
glycogen  metabolism,  although  in  recent  years  it  has  become  clear 
that  GSK-3  is  a  key  regulator  of  a  diversity  of  cellular  processes.  In 
vitro  studies  have  revealed  GSK-3  to  phosphorylate  18  different 
transcription  factors,  over  20  different  enzymes,  and  10  different 
structural  proteins  (Jope  and  Johnson,  2004).  The  differential 
affinity  of  GSK-3  for  these  targets  is  regulated  by  pre-phosphor- 
ylation  of  substrates  by  other  kinases,  the  requirement  for  GSK-3 
binding  partners  to  mediate  substrate  interaction,  and  the  subcel- 
lular  localization  of  active  GSK-3.  Cellular  mechanisms  regulated 
by  GSK-3  include  survival  signaling,  microtubule  organization  and 
function,  cellular  metabolism,  and  the  activation  of  apoptosis. 
GSK-3a  and  GSK-3  p  refer  to  two  separate  genes  encoding  nearly 
identical  proteins,  with  GSK-3 p  being  highly  expressed  in  neurons 
(Mukai  et  al.,  2002). 

GSK-3  p  activity  is  associated  with  neuronal  apoptotic  signaling 
(Chen  et  al.,  2004a;  Hongisto  et  al.,  2003;  Loberg  et  al.,  2002; 
Murphy,  2004;  Stoica  et  al.,  2003),  and  has  recently  been  shown  to 
be  induced  by  ER  stress  (Chen  et  al.,  2004a;  Kim  et  al.,  2005;  Song 
et  al.,  2002).  Inhibition  of  GSK-3 (3  is  via  phosphorylation, 
mediated  by  the  survival  factor-induced  signaling  of  protein  kinase 
A  (PKA)  (Mingtau  et  al.,  2000),  protein  kinase  B  (PKB/AKT) 
(Dudek  et  al.,  1997),  and/or  the  ribosomal  S6  kinase.  TFW  inhibits 
survival  pathway  signaling  and  releases  GSK-3  p  inhibition  to 
induce  cellular  apoptosis  (Chin  et  al.,  2005).  In  human  SH-SY5Y 
neuroblastoma  cells,  ER  stress  signaling  induces  protein  phospha¬ 
tase  2  A  (PP2A)-dependent  dephosphorylation  of  GSK-3  p,  and  the 
subsequent  GSK-3  p-dependent  induction  of  apoptosis  (Chen  et  al., 
2004a).  Qu  et  al.  (2004)  showed  that  ER  stress  activates  GSK-3  p 
activity  in  non-neuronal  cells  lines,  but  they  found  that  activity  to 
be  protective  against  DNA  damage-induced  apoptosis.  In  their 
study,  GSK-3 p  phosphorylated  cytosolic  p53,  inhibiting  its  pro- 
apoptotic  translocation  to  the  nucleus  following  DNA  damage. 
Pro-apoptotic  substrates  for  GSK-3  p  have  not  been  well-charac¬ 
terized,  although  we  have  recently  shown  GSK-3  p  to  phosphor¬ 
ylate  Bax  in  response  to  TFW,  inducing  Bax  translocation  to  the 
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mitochondria  and  activating  cellular  apoptosis  (Linseman  et  al., 
2004).  In  this  work,  we  have  found  both  ER  stress  and  TFW  to 
induce  GSK-3  (3  dephosphorylation  in  CGNs,  and  we  have  shown 
the  addition  of  a  GSK-3  (3  inhibitor  (lithium)  to  be  sufficient  to 
block  the  activation  of  apoptosis  under  either  condition.  These 
results  are  consistent  with  GSK-3  (3  or  an  upstream  activator  of 
GSK-3  (3,  serving  as  a  site  of  convergence  for  neuronal  signals 
activating  the  intrinsic  apoptotic  pathway. 

GSK-3  (3  activation  has  been  linked  to  the  neuronal  apoptosis 
associated  with  neurodegenerative  disease  (Jope  and  Johnson, 
2004).  We  have  revealed  a  connection  between  ER  stress  signaling 
and  GSK-3  [3  activation  in  CGNs.  This  supports  models  that 
include  ER  dysfunction  as  a  key  initial  event  in  familial 
Alzheimer’s  disease  and  identifies  GSK-3  (3  activity  as  a  possible 
downstream  target  of  ER  stress  signaling  in  affected  neurons.  ER 
Ca2+  homeostasis  is  perturbed  in  neurons  accumulating  A(3 
protein,  or  neurons  overexpressing  the  PS1  allele  associated  with 
inherited  Alzheimer’s  disease  (Paschen  and  Mengesdorf,  2005).  In 
addition  to  A (3  protein  accumulation,  Alzheimer’s  disease  is 
defined  by  the  neuronal  accumulation  of  hyperphosphorylated 
tau  protein,  which  results  in  the  formation  of  intra-neuronal 
filamentous  aggregates  known  as  neurofibrillary  tangles  (NFT). 
GSK-3  (3  activity  is  elevated  in  neurons  developing  NFT  or 
displaying  a  degenerative  phenotype  (Pei  et  al.,  1999),  and  in 
vitro  studies  have  identified  tau  to  be  phosphorylated  by  GSK-3  (3 
(Jope  and  Johnson,  2004).  In  addition,  overexpression  of  GSK-3  (3 
in  transgenic  mice  or  cell  culture  models  induces  the  hyper¬ 
phosphorylation  of  tau,  and  neuronal  apoptosis  (Lucas  et  al.,  2001; 
Takashima  et  al.,  1998).  The  discovery  that  GSK-3  (3  may  serve  as 
a  site  of  apoptotic  signaling  convergence  for  both  TFW  and  ER 
stress  elevates  the  importance  of  examining  therapeutic  interven¬ 
tions  to  inhibit/perturb  GSK-3  signaling  in  affected  neurons. 


Experimental  methods 

Reagents 

Brefeldin  A,  thapsigargin,  SB203580,  and  2-aminoethoxydiphenylborate 
(2- APB)  were  purchased  from  Calbiochem  (San  Diego,  CA,  USA).  Rabbit 
polyclonal  antibodies  to  eIF2a,  phospho-eIF2a,  phospho-PERK,  phospho- 
GSK-3|3  (Ser  9),  active  (cleaved  fragment)  caspase-3,  (3-actin,  and  Grp78/ 
Bip  were  purchased  from  Cell  Signaling  (Madison,  WI,  USA).  Monoclonal 
antibodies  to  Gaddi  53/CHOP  and  rabbit  polyclonal  antibodies  to  Bim  were 
purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA,  USA). 
Monoclonal  antibodies  to  active  caspase-9  were  purchased  from  Alexis 
Biochemicals  (San  Diego,  CA,  USA).  Tunicamycin,  insulin-like  growth 
factor-I  (IGF-I),  monoclonal  antibodies  to  (3-tubulin,  /?-phenylenediamine, 
and  4,6-diamindino-2-phenylindole  (DAPI)  were  from  Sigma  (St.  Louis, 
MO,  USA).  Fluorescein-5-isothiocyanate  (FITC)-conjugated  and  Cy3- 
conjugated  secondary  antibodies  for  immunocytochemistry  were  purchased 
from  Jackson  ImmunoResearch  Laboratories  (West  Grove,  PA,  USA).  The 
ER  subcellular  localization  plasmid  (pDsRed2-ER)  was  purchased  from  BD 
Biosciences/Clontech  (Palo  Alto,  CA,  USA).  The  ER-targeted  Bcl-2-GFP 
fusion  protein  expression  vector  (pGFP-Bcl-2-Cb5)  and  GFP-only  vector 
(pGFP)  are  described  in  a  previous  publication  (Wang  et  al.,  2001). 

CGN  culture 

Cerebellar  granule  neurons  were  dissociated  from  7-day-old  Sprague  - 
Dawley  rat  pups  as  previously  described  (Linseman  et  al.,  2002).  Neurons 
were  plated  at  a  density  of  2.0  x  106  cells/ml  onto  poly-L-lysine-treated 
plastic  cell  culture  dishes.  Initial  plating  was  in  25K  medium  composed  of 


basal  modified  Eagles  medium  containing  10%  fetal  bovine  serum,  25  mM 
KC1,  2  mM  L-glutamine,  100  U/ml  penicillin,  and  100  pg/ml  streptomycin 
(Invitrogen,  Grand  Island,  NY).  One  day  after  initial  seeding,  cultures  were 
treated  with  cytosine  arabinoside  (10  pM)  to  limit  the  growth  of  non-neuronal 
cells.  All  experiments  were  performed  on  cultures  6-8  days  after  initial 
harvest.  This  protocol  reproducibly  generates  a  highly  enriched  population  of 
granule  neurons  (95-97%).  Time  points  for  each  experiment  are  in  reference 
to  the  time  at  which  enriched  cultures  are  shifted  to  experimental  conditions. 
For  most  experiments,  enriched  cultures  were  transferred  into  high  potassium 
(25K)  serum-free  medium  at  initiation  of  the  experiment — identified  as 
control  medium.  To  induce  the  TFW  apoptotic  phenotype,  we  shifted  cells  to 
low  potassium  (5K)  serum-free  medium. 

Quantification  of  apoptotic  cells 

After  the  specified  treatment  of  neuronal  cultures,  cells  were  fixed  with 
4%  paraformaldehyde  (20  min),  gently  rinsed  with  phosphate-buffered 
saline  (PBS),  and  stained  with  DAPI  (1  pg/ml).  Cells  were  then  examined 
using  fluorescence  microscopy  and  scored  as  apoptotic  if  the  cells  displayed 
a  condensed  or  fragmented  nucleus.  Untreated  cultures  of  CGNs  typically 
exhibit  — 5  —  1 0%  apoptotic  nuclei.  Each  well  of  treated  cells  was  evaluated 
independently,  counting  400-600  cells  to  determine  the  percentage  of 
apoptotic  cells  in  each  well.  All  data  sets  presented  are  the  average  of  at 
least  three  separate  experiments.  Apoptotic  assessment  of  tsBN7  cells  was 
identical  to  CGNs  with  the  exception  of  the  cell  culture  medium  used, 
which  was  Dulbecco’s  modified  Eagles  medium  (DMEM),  10%  fetal 
bovine  serum,  lx  non-essential  amino  acids,  100  U/ml  penicillin,  and  100 
pg/ml  streptomycin. 

Protein  isolation/immunoblots 

To  isolate  proteins  for  immunoblot  analysis,  we  rinsed  neurons  gently 
with  PBS  and  lysed  it  in  a  solution  of  95°C  SDS  lysis  solution  (10  mM 
Tris-HCl  pH  7.4,  1.0%  sodium  dodecyl  sulfate,  1  mM  sodium 
ortho  vanadate).  Lysates  were  transferred  into  microfuge  tubes,  heated  at 
95°C  for  30  s,  and  passed  lOx  through  a  25-gauge  syringe  needle  to 
decrease  viscosity.  Protein  concentration  was  then  determined  using  a  BCA 
protein  assay  kit  from  Pierce  Biotechnology  (Rockford,  IL,  USA).  Kinexus 
Bioinformatics  Corporation  (Vancouver,  BC,  Canada)  performed  initial 
immunoblot  screens  to  assess  ER  stress-  and  5K-induced  changes  in 
cellular  signaling.  The  Kinexus  methodology  for  controlling  loading 
includes  protein  assay  before  electrophoresis  and  an  analysis  of  total  lane 
intensity,  including  space  between  bands,  after  immunoblotting  (each  lane 
is  probed  for  multiple  protein  targets).  All  other  immunoblots  were 
performed  as  previously  described  (Linseman  et  al.,  2002).  Densitometry 
of  chemiluminescent  immunoblots  was  performed  using  a  FluorChemSP 
imaging  system  and  AlphaEaseFC  software  (Alpha  Innotech,  San  Leandro, 
CA).  The  phosphorylation  of  eIF2a  and  GSK-3  (3  was  quantified  using 
immunoblot  densitometry  data  of  phosphorylated  and  non-phosphorylated 
forms  of  each  protein  for  each  lysate.  To  reveal  fold-changes  in 
phosphorylation,  the  ratio  of  phosphorylated  to  non-phosphorylated  protein 
was  determined  for  control  and  treated  neurons.  This  was  then  expressed  as 
a  percentage  of  induction  or  repression  for  each  treatment,  relative  to 
control  samples. 

Immunocytochemistry 

For  immunocytochemistry  and  gene  gun-based  transfection,  CGNs 
were  seeded  at  a  density  of  ~2.5  x  105  cells/ml  onto  polyethyleneimine- 
treated  glass  coverslips.  Coverslip-attached  neurons  were  exposed  to 
experimental  conditions,  fixed  in  4%  paraformaldehyde,  gently  rinsed 
with  PBS  (pH  7.4),  and  were  then  permeabilized/blocked  for  ~1  h  in  a 
PBS  solution  containing  0.2%  Triton  X-100  and  5%  bovine  serum  albumin 
(BSA).  The  blocking  solution  was  aspirated  and  replaced  with  a  PBS 
solution  containing  0.2%  Triton  X-100,  2%  BSA,  and  primary  antibody. 
Coverslips  were  incubated  ~16  h  in  the  primary  antibody  solution  (4°C). 
The  primary  antibody  solution  was  then  aspirated,  the  coverslips  washed 
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5x  with  PBS,  and  a  secondary  antibody  solution  was  added  containing  a 
Cy3-  or  FITC-conjugated  secondaiy  antibody  and  DAPI  (1  pg/ml).  After  a 
1-h  incubation,  coverslips  were  again  washed  5x  with  PBS  and  were  then 
mounted  onto  slides  in  a  small  volume  of  mounting  medium  of 
Fluoromount  G  (Fisher,  Pittsburgh,  PA,  USA)  and  0.1%  /?-phenylenedi- 
amine.  Fluorescence  images  were  captured  using  a  Zeiss  Axioplan  2 
microscope  equipped  with  a  Cooke  Sensicam  deep-cooled  CCD  camera 
and  Slidebook  software  analysis  program  for  digital  deconvolution 
(Intelligent  Imaging  Innovations,  Denver,  CO,  USA). 

Gene  gun  transfection  of  primary >  CGNs 

CGNs  were  transiently  transfected  using  the  Helios  Gene-Gun  system 
(Bio-Rad,  Hercules,  CA,  USA)  according  to  the  manufacturer’s  protocol. 
Individual  plasmids  were  precipitated  onto  0.6-pm-diameter  gold  beads  in  a 
CaC^/spermidine  mixture.  The  beads  were  washed  3x  with  100%  ethanol 
and  resuspended  in  ethanol  containing  0.05  mg/ml  polyvinylpyrrolidone. 
The  suspension  was  drawn  into  Tefzel  tubing,  and  the  beads  were  then 
allowed  to  settle  within  the  tubing  (~5  min).  The  ethanol  was  then  removed, 
and  the  beads  were  dried  using  nitrogen  gas.  The  tubing  was  chopped  into 
short  (1 .3  cm)  pieces,  which  could  then  be  inserted  into  the  barrel  of  the  gene 
gun  for  transfection  experiments.  Transfections  were  performed  5  or  6  days 
after  harvesting  of  the  CGNs.  All  media  were  removed  from  the  coverslip, 
and  the  beads  were  shot  through  a  40-pm  strainer  onto  the  coverslip  using  a 
burst  of  helium  gas  (100  psi).  The  medium  was  replaced  immediately,  and  the 
neurons  were  cultured  for  24  h  before  initiating  any  experimental  condition. 
In  gene  gun  experiments,  transgenic  neurons  were  identified  by  fluorescence 
microscopy,  and  then  scored  for  apoptotic  morphology,  as  defined  by  nuclear 
condensation  and  the  degeneration  of  neurites.  Experiments  were  performed 
in  triplicate  from  three  independent  CGN  preparations,  scoring  ~400 
neurons/condition  for  each  experiment. 

Data  analysis 

Data  points  shown  represent  mean  ±  standard  error  of  the  mean  (SEM) 
for  the  replicated  experimental  treatments.  Statistically  significant  differ¬ 
ences  between  data  points  were  determined  using  a  one-way  ANOVA  test. 
Statistically  significant  differences  between  data  points  are  annotated  with 
an  asterisk.  By  convention,  a  P  value  of  <0.05  was  considered  statistically 
significant. 
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